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ABSTRACT 
 Engulfment of dead cells by epithelial cells is crucial for the health of an 
organism. Defective engulfment can lead to serious conditions such as retinitis 
pigmentosa and asthma. In the Drosophila melanogaster ovary, protein starvation 
induces apoptotic cell death of germline cells, which are then engulfed by adjacent 
epithelial follicle cells. The follicle cells synchronously enlarge approximately four-to-
five fold as they engulf the dying germline, suggesting that significant changes are 
required. However, the molecular changes needed to drive enlargement and engulfment 
by epithelial cells are still poorly understood. In this dissertation, I determined the role of 
integrins in engulfment, the interactions between the core engulfment machinery and the 
corpse processing pathway, and the roles of GTPases in engulfment by epithelial cells. 
First, I found that the integrin heterodimer, αPS3/βPS, becomes apically enriched and is 
required in the epithelial follicle cells for engulfment. αPS3/βPS is trafficked in a 
polarized fashion using much of the same machinery as migrating cells, suggesting 
similarities between engulfing and migrating cells. The canonical corpse processing 
pathway has been well-characterized, however, little is known about how the core 
  viii 
engulfment machinery interacts with the corpse processing pathway. I found that the 
phagocytic receptor Draper is present on the phagocytic cup and early phagosomes, 
whereas integrins are maintained on the cell surface. Engulfment mutants fell into three 
distinct categories based on their specific effects on internalization and phagosome 
maturation, suggesting that components of the core engulfment machinery are required 
for distinct steps of corpse processing. Last, I investigated the roles of the Rho family 
GTPases during engulfment. Strikingly, Rac2 becomes induced during engulfment 
whereas Rac1 does not change its expression pattern. Both Rac1 and Rac2 are required 
for engulfment, however, Rac1 has defects in both enlargement and vesicle uptake 
whereas Rac2 only has defects in enlargement. Furthermore, I found that Rac1 and Rac2 
may have differential effects on the Jun kinase signaling pathway, which suggests 
complexity in the regulatory network controlling engulfment in epithelial cells. Together, 
this work has provided a greater understanding of the molecular changes required within 
epithelial cells for proper engulfment.   
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CHAPTER ONE 
Introduction 
(Portions of this chapter published previously in Meehan et al., 2015b) 
 
1.1 Engulfment 
 Engulfment is the rapid and selective removal of dead cells and debris, as the final 
step of programmed cell death. Engulfment, or phagocytosis, encompasses removal of 
dead cells, debris, bacteria, and pathogens. Efferocytosis is the specific removal of dead 
cells. Phagocytosis can be performed by either professional or non-professional 
phagocytes. The main job of professional phagocytes is engulfment, whereas non-
professional phagocytes may have to be induced to engulf efficiently. There are several 
types of both professional and non-professional phagocytes, which are crucial for the 
development and homeostasis of an organism.   
 Examples of professional phagocytes include macrophages (Kwon et al., 2014, 
Boe et al., 2015, Tang et al., 2015, Xiao et al., 2015), microglia (Brown and Neher, 2014, 
Casano and Peri, 2015), and dendritic cells (Filippi et al., 2014). Macrophages circulate 
and perform much of the engulfment in the body. Macrophages have many functions 
including the regulation of inflammation, wound healing, and maintenance of tissue 
homeostasis (Boe et al., 2015). Drosophila melanogaster also has macrophage-like cells 
called hemocytes (Kwon et al., 2014, Xiao et al., 2015). Specifically, a subset of 
hemocytes called granulocytes are responsible for the majority of engulfment within the 
fly (Kwon et al., 2014). 
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 In some organs, however, macrophages have little to no access, and non-
professional phagocytes perform much of the engulfment. Some of these non-
professional phagocytes include epidermal cells (Han et al., 2014, Rasmussen et al., 
2015), granulosa cells (Inoue et al., 2000), bronchial epithelial cells (Penberthy et al., 
2014), kidney epithelial cells (Patel et al., 2010), mammary epithelial cells (Monks and 
Henson, 2009), hair follicle epithelial cells (Mesa et al., 2015), and retinal pigment 
epithelial (RPE) cells (Finnemann et al., 1997, Guo et al., 2015, Law et al., 2015). Many 
of these cells are required on a daily basis for engulfment. 
Despite the importance of epithelial cells in engulfment, very little is known about 
the molecular changes that are required for engulfment. In many organs, such as the 
bronchial tube, kidney, mammary gland, and hair follicle, epithelial cells engulf their 
dying neighboring epithelial cells (Monks and Henson, 2009, Patel et al., 2010, 
Penberthy et al., 2014, Mesa et al., 2015), whereas in the retina, RPE cells engulf dying 
photoreceptor outer segments (Finnemann et al., 1997, Guo et al., 2015, Law et al., 
2015). In Drosophila, the epithelial cells of the ovary engulf the dying germline (Giorgi 
and Deri, 1976, Etchegaray et al., 2012) and may subsequently engulf their dying 
neighbors, suggesting that the epithelial follicle cells may share engulfment properties 
with several types of mammalian epithelial cells. 
 
1.1.1 Three steps of engulfment 
 There are three general steps of engulfment of dying cells: recognition, 
phagosome maturation, and acidification (Figure 1.1). Recognition utilizes engulfment 
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receptors to bind to “eat-me” signals on the dying cells (Figure 1.1A). Phosphatidylserine 
(PS) is one of the main “eat-me” signals that has been studied in detail. PS is primarily 
located on the inner leaflet of the plasma membrane but becomes exposed on the outer 
leaflet during apoptosis (Tung et al., 2013). Several different engulfment receptors have 
been identified and studied at length. Some of the best studied mammalian engulfment 
receptors are Jedi-1, Megf10, Megf11, MerTK, and integrins (see Table 1.1 for 
engulfment gene homologs in Drosophila, C. elegans and humans). Once internalized, 
the phagosome is matured using the GTPases Rab5 and Rab7 (Figure 1.1B) (Kinchen et 
al., 2008, Yu et al., 2008, Han et al., 2014). The phagosome eventually fuses with a 
lysosome and the engulfed material is degraded (Figure 1.1C) (Sasaki et al., 2013, Xu et 
al., 2014). 
 Most of the research identifying the core engulfment pathways has been 
performed in C. elegans. This work has delineated two partially parallel pathways: Cell 
death abnormal 1 (CED-1), CED-6, and CED-7 which are thought to converge on CED-
10 with CED-2, CED-5, and CED-12 (Kinchen et al., 2005, Neukomm et al., 2014). 
CED-1 is a transmembrane engulfment receptor (Zhou et al., 2001), which may recognize 
the “eat-me” signal phosphatidylserine via a bridging molecule presented on the dying 
cell (Kang et al., 2012), but this is still controversial. CED-7 is unique in that it is 
required in both the dying and the engulfing cell for proper engulfment to occur (Wu and 
Horvitz, 1998). It is thought that CED-7 is required for translocation of molecules, such 
as PS in the dying cell (Wu and Horvitz, 1998) or the presence of the bridging molecule 
used by CED-1 for engulfment (Kang et al., 2012). CED-6 is an adaptor protein that is 
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required for relaying signals from CED-1 to CED-10 (Neukomm et al., 2014). In the 
second pathway, CED-12 is an unconventional guanine exchange factor (GEF) with 
CED-5 (Gumienny et al., 2001). This bipartite GEF is further stabilized and activated 
when CED-2 is bound (Akakura et al., 2005). The complex consisting of CED-2, 5, and 
12 then activates CED-10, which is a GTPase (Gumienny et al., 2001). Integrins have 
been shown to act upstream of and activate the CED-2, 5, 12 complex (Hsieh et al., 
2012), suggesting two partially parallel pathways initiated by two different engulfment 
receptors. 
  Significant progress has been made in Drosophila to identify the core engulfment 
machinery as well. Several of the homologs of genes originally identified in C. elegans 
have been shown to have defects in Drosophila, as well as a few novel genes. Draper 
(CED-1) has been extensively studied as an engulfment receptor and is required in both 
professional and non-professional phagocytes (Manaka et al., 2004, Doherty et al., 2009, 
Hashimoto et al., 2009, Etchegaray et al., 2012). However, in Drosophila, Draper does 
not always function as an engulfment receptor, but can also function solely in a corpse 
processing role (Kurant et al., 2008), suggesting increased complexity in the engulfment 
pathways in Drosophila. Many of the other engulfment genes, including Ced-6 (CED-6), 
Crk (CED-2), Sponge or Myoblast city (CED-5), and Ced-12 (CED-12) have been 
identified and are required for engulfment, but their specific roles are still unclear. 
Recently, the phagocytic integrin heterodimer has been identified for professional 
phagocytes, αPS3/βν (Nagaosa et al., 2011, Shiratsuchi et al., 2012, Nonaka et al., 2013), 
however, a role for integrin in non-professional phagocytes has not been investigated to 
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date. A third engulfment receptor has also been identified in Drosophila, Croquemort. 
Croquemort is required for engulfment in professional phagocytes (Franc et al., 1996, 
Franc, 1999, Sears et al., 2003) and non-professional phagocytes (Han et al., 2014).  
Whereas most research to date has focused on the proteins that promote 
engulfment and corpse processing, some genes have been found to be required for 
inhibiting uptake and corpse processing. One such gene in C. elegans is mtm-1, loss of 
which results in fewer corpses in engulfment mutants (Neukomm et al., 2011). Mtm-1 is 
thought to promote phagosomal maturation through CED-1 recycling (Neukomm et al., 
2011). This suggests that there are genes required for inhibiting corpse processing, 
presumably so the cell does not engulf material that it cannot digest. 
  Corpse processing is also thought to involve cross-talk with autophagy. Vesicle 
fission has been shown to be regulated by a serine/threonine protein kinase, target of 
rapamycin complex 1, or TORC1, which localizes to the membrane of an engulfed 
vesicle (Krajcovic et al., 2013). Autophagy and engulfment have an inverse relationship; 
degrading cells provides the engulfing cell with amino acids, which rescue cell survival, 
TORC1 activity, and reduce autophagy (Krajcovic et al., 2013).  
  
1.1.2 Human diseases associated with defects in engulfment 
 Several diseases have been associated with defects in cell death and engulfment. 
Largely, these diseases are thought to be caused by the inflammation of lingering 
apoptotic cells that have become secondarily necrotic (Kimani et al., 2014, Fragoulis et 
al., 2015). Many of these diseases are due to defects in engulfment by professional 
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phagocytes, such as macrophages in systemic lupus erythematosus (Kimani et al., 2014, 
Fragoulis et al., 2015) and microglia in Parkinson’s and Alzheimer’s diseases (Kinugawa 
et al., 2013, Sierra et al., 2013). However, some diseases are attributed to a failure in 
engulfment by epithelial cells. Asthma and airway inflammation can result from the 
inability of bronchial epithelial cells to engulf dying epithelial cells and debris 
(Juncadella et al., 2013, Penberthy et al., 2014). Diseases that develop early in life such 
as retinitis pigmentosa or diseases that develop later in life such as age-related macular 
degeneration have also been attributed to the failure of RPE cells to engulf (Nandrot, 
2014). This suggests that several of the diseases that are still poorly understood may be 
due to defects in engulfment by the resident epithelial cells which engulf on a daily basis. 
A better understanding of the role epithelial cells play in engulfment in different tissues 
and the changes required for proper engulfment may provide novel treatments for chronic 
and life-threatening illnesses. 
 
1.2 Integrins  
 Integrins are obligate αβ heterodimeric transmembrane receptors that are present 
in every nucleated metazoan cell (Anthis and Campbell, 2011). Integrins are best known 
for their role in cellular adhesion, however, they play roles in several functions, including 
angiogenesis, thrombosis, wound healing, embryonic development, immune responses, 
cell survival, and proliferation (Takada et al., 2007, Yang et al., 2009, Anthis and 
Campbell, 2011, Bonsor et al., 2015, Liu et al., 2015). Integrins are capable of 
functioning in multiple different fashions due to their ability to signal through “inside-
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out” or “outside-in” activation (Figure 1.2) (Anthis and Campbell, 2011). This 
bidirectional signaling is mediated by the small cytoplasmic tails (Anthis and Campbell, 
2011). Integrin heterodimers are often present in a “bent” or inactive conformation 
(Figure 1.2B). Activation by ligand binding results in “outside-in” signaling (Figure 
1.2A). Activation by a downstream signaling component, such as Talin, leads to “inside-
out” signaling (Figure 1.2C). These different methods of signaling are associated with 
different functions (Figure 1.2). 
 Each integrin subunit has a large extracellular domain and a small intracellular 
domain flanking a transmembrane region (Figure 1.2). The extracellular domains of each 
subunit combine to form the ligand-binding site of the heterodimer (Takada et al., 2007). 
The most common ligands contain arginine-aspartate-glycine (RGD) which are typically 
utilized to bridge cells to each other or to the extracellular matrix (ECM) (Takada et al., 
2007, Bonsor et al., 2015). However, individual integrin heterodimers can also bind to 
specific, not generic RGD-containing, ligands (Takada et al., 2007). The cytoplasmic 
domains, however, play a much larger role in the activation and signaling of integrin 
heterodimers. Mutations within the transmembrane and cytoplasmic domains lead to 
activation of the integrin heterodimer through “inside-out” signaling (Vomund et al., 
2008, Yang et al., 2009). However, some research suggests that mutations in the 
cytoplasmic domain only lead to a modest increase in activation, and additional 
mutations are required in the transmembrane domain (Yang et al., 2009). 
 In C. elegans, there are only two α subunits and one β subunit, while mammals 
have 18 α and 8 β subunits. Drosophila has 5 α and 2 β subunits, making analysis 
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considerably less complicated than in mammals, while still getting at the complexity of 
different heterodimers. So far, mammals have 24 different heterodimer possibilities. The 
different heterodimers possible in Drosophila are still not all known. 
 
1.2.1 Localization 
 Since integrin heterodimers typically interact with the ECM, they are most 
commonly found on the basal surface of cells (Daley et al., 2012, deLeon et al., 2012). 
However, even when present on the basal surface, integrins can establish the polarity of 
either the basal surface or the apical surface of a cell (Daley et al., 2012, deLeon et al., 
2012). β1 integrins are present at high levels on the basal surface of Madin-Darby Canine 
Kidney (MDCK) epithelial cells with an extremely minute amount present on the apical 
surface (deLeon et al., 2012). However, within these cells β1 integrins work with the 
GTPase Rac1 to regulate the orientation of apical polarization (deLeon et al., 2012). This 
suggests that the presence of integrins on one surface of a cell may still affect the polarity 
of another membrane within the same cell. More recent research has shown that α5 is 
present within the apical membrane in MDCK epithelial cells (Klingner et al., 2014), 
suggesting that perhaps most integrin heterodimers are located on the basal surface, but 
specific heterodimers are present on apical surfaces. 
 In some cell types, integrins are present on the apical and basal surface, but are 
still often enriched on the basal surface (Fernandes et al., 2014, Uehara and Uehara, 
2014). However, integrin heterodimers are apically enriched in some cell types. The best 
example of this is the RPE cells (Mao and Finnemann, 2012, Nandrot et al., 2012, 
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Priglinger et al., 2013). In these cells, ανβ3 is present on the basal surface whereas ανβ5 
is present on the apical surface. In RPE, ανβ5 is the phagocytic integrin heterodimer, and 
the apical surface of the cell faces the photoreceptor outer segments (POS) that need to be 
engulfed (Mao and Finnemann, 2012, Nandrot et al., 2012, Priglinger et al., 2013). This 
suggests that although integrins may commonly be basally localized, certain integrin 
heterodimers may be required on other surfaces for specialized functions, such as 
phagocytosis in an epithelial cell. Integrin heterodimers may either become induced on 
the apical surface, if only required at specific times, or generally present on the apical 
surface if required on a daily basis, as in the RPE cells. 
 
1.2.2 Trafficking 
 Since only some integrin heterodimers are present on the apical surface, there 
may be selective trafficking to establish certain heterodimers on the proper surface. In 
non-professional phagocytes, very little is known about how this occurs. In RPE cells, it 
is known that loss of another engulfment receptor, MerTK, does not affect integrin 
localization (Mallavarapu and Finnemann, 2010). However, the same α integrin subunit 
is utilized for engulfment and migration in both mammals and Drosophila, so we gained 
insight on what was already known about integrin trafficking in migrating and cancerous 
tissues. 
 Often, cell polarity and integrin trafficking are linked within migrating cells (see 
Figure 1.3 for a summary) (Thapa et al., 2012, Michaelis et al., 2013). In one example, 
loss of the lateral polarity protein Scribbled resulted in reduced α5, but not αν, expression 
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on the surface (Michaelis et al., 2013). This was due to the ability of Scribbled to block 
the interaction between α5 and Rab7a, preventing the degradation of α5 (Michaelis et al., 
2013), suggesting that polarity proteins may have indirect effects on integrin trafficking, 
by inhibiting heterodimer degradation. However, in some circumstances, there is more of 
a direct relationship between cell polarity and integrin trafficking. The protein PIPKIγi2 
is required for trafficking cell polarity proteins and integrin heterodimers to the leading 
edge in migrating cells (Thapa and Anderson, 2012), suggesting that cell polarity and 
integrin localization may occur simultaneously. 
 Integrin recycling is also crucial in migrating cells to remove active integrin 
heterodimers and keep inactive heterodimers on the leading edge in order to maintain 
migration. Most of this research centers around Rab4- and Rab11-positive endosomes 
and the differences in recycling between ανβ3 and α5β1. α5β1, which needs to be 
internalized for migration to occur, is recycled using VAMP3, Syntaxin 6, transferrin, 
and Rab11-positive recycling endosomes (Reverter et al., 2014). Recycling of α5β1 
interferes with the recycling of ανβ3 (Reverter et al., 2014). These heterodimers are 
present largely in recycling endosomes, which may accumulate Syntaxin 6, inhibiting the 
recycling of integrin heterodimers, affecting cell migration and invasion (Reverter et al., 
2014). The presence of Syntaxin 6 on endosomes is closely regulated by lipid 
composition on the endosomes, suggesting that lipid composition may play a prominent 
role not only in corpse processing but also in receptor recycling. 
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1.3 Corpse processing machinery 
 The corpse processing machinery has been well-established in the nematode 
Caenorhabditis elegans. The canonical corpse processing pathway can be broken down 
into three general steps: formation of the phagocytic cup, maturation of phagosomes, and 
acidification of engulfed material by lysosomes (Figure 1.4). The genes required and 
typically used as “markers” for these steps are the small GTPase Dynamin, the Rab5 and 
Rab7 GTPases, and lysosome markers, respectively (Yu et al., 2006, Yu et al., 2008, He 
et al., 2010). Recently, a sorting nexin, LST-4 was found to be present on the phagosomal 
surface through association with phosphoinositides (PI) and Dynamin (Lu et al., 2011). 
LST-4 is required to strengthen the association of Dynamin with phagosomal membranes. 
LST-4 remains on the phagosome as it matures and is also required for the maintenance 
of Rab7 association on phagosomes (Lu et al., 2011). PI can be phosphorylated 
differentially and serve as markers for different vesicles. Phosphatidylinositol-4,5-
bisphosphate (PI(4,5)P2) and Phosphatidylinositol-3-phosphate (PI(3)P) are both 
transiently expressed during phagocytosis (Cheng et al., 2015). PI(4,5)P2 is present on 
unsealed phagosomes while PI(3)P is present on fully sealed phagosomes. This 
differential labeling is crucial and improper labeling results in a failure in corpse 
processing (Cheng et al., 2015). Interestingly, the sorting nexins LST-4, SNX1, and 
SNX6 associate with PI(3)P and may serve as a functional link. LST-4 and SNX1 were 
shown to promote the extension of phagosomal tubules which facilitate docking and 
fusion with other vesicles (Lu et al., 2011), suggesting that the proper localization of PI 
labels is crucial such that fusion does not occur prematurely. Indeed, LST-4 mutant 
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worms have defects in phagosomal maturation, such that phagosomes do not mature 
beyond early endosomes (Almendinger et al., 2011). Phagocytosis has also been shown 
to be a clathrin-dependent process (Chen et al., 2013, Shen et al., 2013). Specifically, 
CED-1 is required for the enrichment of Clathrin heavy chain on the phagocytic cup 
(Shen et al., 2013) mostly likely through a complex formed with CED-6, which can 
interact with Clathrin heavy chain (Chen et al., 2013, Sullivan et al., 2014). A role for 
clathrin in corpse processing has not been explored in Drosophila; however, clathrin is 
required in mammals for the engulfment of apoptotic neurons during development of the 
peripheral nervous system (Sullivan et al., 2014). The clathrin heavy chain gets 
phosphorylated during engulfment and phosphoclathrin then accumulates around the 
engulfed vesicles. If clathrin is not phosphorylated, Jedi-1 is not capable of engulfing 
(Sullivan et al., 2014). This suggests that phosphorylation of clathrin may serve as a 
regulator for its recruitment to the phagocytic cup by a Jedi-1/Ced-6 complex. Much of 
the machinery has been identified in C. elegans, which do not have non-professional 
phagocytes. An in-depth analysis of corpse processing in an in vivo model with 
professional and non-professional phagocytes will provide insight on cell type specific 
differences and interaction within a more complex system. 
Much of the work on phagosomal maturation revolves around the Rab GTPases, 
which are typically associated with phagosomes at certain levels of maturation (early or 
late). Rab5 and Rab7 GTPases are best characterized and are associated with early and 
late endosomes, respectively. Surprisingly, only Rab5 and not Rab7 requires its GTPase 
activity for association with phagosomes (He et al., 2010). Instead, Rab7 is recruited to 
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the phagosome by Rab5 (Vieira et al., 2003). Sorting nexins, as discussed above, have 
also been associated with phagosome maturation (Almendinger et al., 2011). SAND-1 
and CCZ-1, which function as a GEF for Rab7 (Delahaye et al., 2014) were also 
identified as crucial for phagosome maturation (Kinchen and Ravichandran, 2010). Loss 
of either Mon1 or Ccz-1 mammalian cells results in phagosomes becoming Rab5-
positive, but not maturing further. Mon1 interacts with GTP-bound Rab5 but only the 
Mon1/Ccz-1 complex can bind Rab7 (Kinchen and Ravichandran, 2010), so mutants 
display defects in progression beyond Rab5 association.   
Normally, lysosomes and late endosomes fuse and mix their contents together, 
forming a hybrid vesicle (Nakae et al., 2010, Sasaki et al., 2013). This process can be 
disrupted several different ways, including inhibition of fusion or biogenesis. Through 
fusion, GTPases are also required for the final acidification of the engulfed material. 
Rabs 2, 7, and 14 become enriched on phagosomes and are required for efficient 
recruitment and fusion of lysosomes to phagosomes (Mangahas et al., 2008, Guo et al., 
2010). Specifically, Rabs 2 and 14 are required to recruit lysosomes to the phagosome 
(Mangahas et al., 2008, Guo et al., 2010), while Rab7 is required for the fusion to 
lysosomes (Guo et al., 2010). ARL-8 GTPase is also required for efficient fusion to 
lysosomes, however, it is localized on the lysosomes rather than phagosomes (Nakae et 
al., 2010, Sasaki et al., 2013). Another way to cause defects in acidification is by defects 
in the proteins required for biogenesis or degradation within the lysosome itself. For 
instance, loss of VPS-18 results in significantly higher numbers of cell corpses that are 
not degraded properly (Xiao et al., 2009). This is due to defects in the biogenesis and 
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maturation of endosomes and lysosomes, resulting in phagosomes that are unable to fuse 
with lysosomes (Xiao et al., 2009). Also, loss of the cathepsin CPL-1 results in defects in 
degradation, however, other lysosomal proteases were not required (Xu et al., 2014). 
 
1.3.1 Role of the engulfment machinery in corpse processing 
 An important, but understudied, area of study is the interaction between the 
engulfment machinery and the corpse processing pathway and machinery. Thus far, the 
only engulfment receptor in C. elegans shown to play a direct role in corpse processing, 
beyond internalization, is CED-1 (see Figure 1.5 for summary). CED-1 is required for the 
recruitment of Dynamin, Clathrin, and Rab7 to the presence of the phagocytic cup and 
phagosomes (Yu et al., 2008; Chen et al., 2013; Shen et al., 2013). In Drosophila, the 
engulfment receptor Croquemort has also been shown to have not only defects in 
internalization, but also phagosome maturation (Han et al., 2014). Another engulfment 
gene, the adaptor protein Ced-12 is also required for proper engulfment and degradation 
of the corpse (Lu et al., 2014), although it is unclear at which specific step Ced-12 acts. 
However, beyond this, very little is known about cross-talk between the engulfment and 
corpse processing pathways.  
 
1.4 The Rho family of GTPases 
 The Rho family of small GTPases contains several GTPases, but the most studied 
are Rac1, Cdc42, and Rho. These GTPases play roles in several different cellular 
processes, but most revolve around actomyosin and microtubule skeletons and 
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cytoskeletal rearrangements (Quiros and Nusrat, 2014). RhoA, Rac, and Cdc42 have also 
been shown to be required for gene transcription and vesicular transport (Quiros and 
Nusrat, 2014). Rho GTPases are also well known for their role in the formation and 
maintenance of epithelial junctions, organization, and migration (Nelson, 2009, Citi et al., 
2014, Quiros and Nusrat, 2014). Spatial and temporal control of Rho GTPase activity is 
coordinated by guanine-nucleotide exchange factors (GEFs) and GTPase activating 
proteins (GAPs), which turn GTPases “on” and “off”, respectively (Figure 1.6) (Citi et 
al., 2014). Recent work has determined that GTPases are not often found in a permanent 
“on” or “off” state, but are in a constant state of flux between the two (Citi et al., 2014). 
 Rac1 is well known to play a role during engulfment in C. elegans, Drosophila, 
and mammals (see Figure 1.7 for summary). In engulfing cells, Rac1 may act 
downstream of the CED-2/5/12 and CED1/6/7 pathways (Kinchen et al., 2005), or 
CED1/6/7 may activate other downstream activators (Chen et al., 2013). CED-5 and 
CED-12 form a complex that serves as an unconventional GEF that activates Rac1 
(Gumienny et al., 2001, Akakura et al., 2005). CED-5 actually contains the GEF function, 
but is much more efficient when binding to CED-12 which 1) stabilizes Rac1 in a 
nucleotide-free state, 2) relieves the self-inhibition of CED-5, and 3) targets CED-5 to the 
plasma membrane for proximity to Rac1 (Lu and Ravichandran, 2006). CED-5/12 
translocation to the plasma membrane may be mediated by an adaptor that regulates 
cytoskeleton organization, such as Nck, which is required for migration (Zhang et al., 
2014). Nck binds directly to CED-5 and promotes its translocation to the plasma 
membrane and activation of Rac1 (Zhang et al., 2014). In mammals, Rac1 has been 
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shown to become activated and redistribute in RPE cells, while localization of RhoA and 
Cdc42 does not change (Mao and Finnemann, 2012). Specifically, activated Rac1 
associates with the phagocytic cup, which is composed of patches of actin (Nakaya et al., 
2008). When the phagocytic cup seals, Rac1 becomes down-regulated and needs to be 
deactivated for sealing to engulf efficiently (Nakaya et al., 2008). 
 Cdc42 is the only Rho family GTPase family member well known for its role in 
cell polarity as well as other cytoskeletal rearrangements within a cell. In C.elegans, 
Cdc42 has also been shown to accumulate around engulfed material (Figure 1.7) 
(Neukomm et al., 2014) and is essential for actin and phagocytic cup assembly in 
macrophages of mammals (Park and Cox, 2009). 
 Two different Rhos have been studied in phagocytosis in mammals, with different 
effects (Figure 1.7). RhoA is sometimes required as a negative regulator of engulfment 
(Leverrier and Ridley, 2001, Tosello-Trampont et al., 2003, Nakaya et al., 2006) and 
sometimes a positive regulator (Werner, 2005). RhoG has not been studied as well, but 
thus far, is only required as a positive regulator of engulfment (Nakaya et al., 2006, 
Tosello-Trampont et al., 2007). Drosophila has both RhoA and RhoG, although the role 
of these GTPases in engulfment is also unclear. 
 Recently, one other Rho family GTPase has been investigated in engulfment, 
Rac2. Rac2 has been shown to increase during engulfment (Xiao et al., 2015) and is 
required in professional phagocytes (Cuttell et al., 2008); however, very little is still 
known about how Rac2 functions within engulfing cells and how it interacts with other 
GTPases that are present. 
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1.5 Drosophila ovary as a model 
 Each female fly has two ovaries and each ovary consists of 15-20 strings of 
progressively developing egg chambers called ovarioles (Figure 1.8) (He et al., 2011). 
Egg chambers are produced at the anterior tip, or germarium, and develop towards the 
posterior direction until they reach maturity at stage 14 (King, 1970). Within the 
germarium (Figure 1.9), there are 2 or 3 germline stem cells at the anterior tip which 
divide asymmetrically to create cystoblasts (Wu et al., 2008). These cystoblasts undergo 
four incomplete mitotic divisions, creating a 16-cell syncytium, in which the cells remain 
interconnected by cytoplasmic bridges called ring canals (Mahajan-Miklos and Cooley, 
1994, Wu et al., 2008). Certain proteins are transported to the oocyte through a process 
called cytoplasmic transport, which establishes one of these 16 cells as the oocyte while 
the other 15 become the nurse cells (Mahajan-Miklos and Cooley, 1994). The nurse cells 
are specialized cells whose main function is to supply the growing oocyte with nutrients 
(Mahajan-Miklos and Cooley, 1994). The nurse cells undergo 10-12 rounds of 
endoreplication while the oocyte remains transcriptionally quiescent in meiotic prophase 
throughout oogenesis (Gigliotti et al., 2000, He et al., 2011). Cytoplasmic transport from 
the nurse cells to the oocyte during stages 2-10A establishes the embryonic axes and 
cytoplasmic transport in stages 10B-11 is an actin-driven process, during which the nurse 
cells dump most of their remaining cytoplasmic contents and the oocyte doubles in size 
(Mahajan-Miklos and Cooley, 1994). 
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 The germline cyst is surrounded by a layer of somatically derived epithelial 
follicle cells. The surrounding epithelial follicle layer also serves many important 
functions during oogenesis. Within the germarium (Figure 1.9), 2 or 3 somatic stem cells 
divide to form the layer of follicle cells that surround the dividing cysts (Wu et al., 2008). 
By stage 5, the terminal follicle cells become distinct from the main body follicle cells. 
At either end of the egg chamber, there are a few follicle cells called polar cells, which 
induce the neighboring follicle cells to adopt terminal fates (Xi et al., 2003). Until stage 
8, the follicle cells are cuboidal in shape. At this point, some of the anterior follicle cells 
migrate towards the posterior end of the egg chamber and the remainder stretch to cover 
the anterior end of the egg chambers and the nurse cells (Wu et al., 2008). Throughout 
oogenesis, follicle cells are required for signaling to the oocyte to establish dorsal-ventral 
patterning, synthesizing and transporting yolk to the oocyte, and secreting the egg shell 
for the mature egg (He et al., 2011). In mature eggs, the follicle cells form the dorsal 
appendages which are required for embryonic respiration, the operculum for larval exit, 
and a micropyle for sperm entry (Wu et al., 2008). 
 The Drosophila ovary serves as a physiologically relevant system to study both 
apoptotic and non-apoptotic death and clearance (McCall, 2004, Pritchett et al., 2009, Di 
Bartolomeo et al., 2010, Thomson et al., 2010, Jenkins et al., 2013).  Cell death 
predominantly occurs at three points in oogenesis: early oogenesis (germarium), mid-
oogenesis, and late oogenesis.  Cell death in oogenesis may be stress-induced or 
developmentally controlled, and the ovary provides an opportunity to study how non-
professional phagocytes clear cells that die by different mechanisms. 
 19  
Programmed cell death (PCD) in the germarium occurs at the end of region 2a 
(Figure 1.9) and is dependent on the nutrients available (Drummond-Barbosa and 
Spradling, 2001, Smith III et al., 2002); but other causes of cell death are possible.  For 
example, infection by the intracellular bacteria Wolbachia was found to decrease PCD by 
one-half in germaria of Drosophila mauritiana (Fast et al., 2011).  Another potential 
cause for cell death at this stage could be the result of a meiotic checkpoint, as observed 
in other organisms (Pritchett et al., 2009). Further work is required to gain a more 
complete understanding of cell death in the germarium. 
In mid-oogenesis, cell death can be induced by several different stressors 
(Pritchett et al., 2009), but the easiest and most reproducible method is starvation. When 
flies are deprived of nutrients, the nurse cells in stages 7-9 of oogenesis frequently 
undergo apoptosis and are engulfed by the neighboring follicle cells (Figure 1.10) (Giorgi 
and Deri, 1976, Nezis et al., 2000, Drummond-Barbosa and Spradling, 2001, Mazzalupo 
and Cooley, 2006, Hou et al., 2008, Tanner et al., 2011, Etchegaray et al., 2012).  The 
dying nurse cells become positive for TUNEL (Hou et al., 2008) and active caspases 
(Peterson et al., 2003, Mazzalupo and Cooley, 2006), and require apoptosis and 
autophagy to die properly (Nezis et al., 2000, Drummond-Barbosa and Spradling, 2001, 
Laundrie et al., 2003, Peterson et al., 2003, Mazzalupo and Cooley, 2006, Hou et al., 
2008). As the nurse cells are dying, the engulfing follicle cells increase levels of the 
engulfment receptor Draper and activate transcription of the downstream targets of the 
JNK pathway (Etchegaray et al., 2012). Draper and JNK work in a positive feedback loop 
in the follicle cells to clear the dying nurse cells (Etchegaray et al., 2012).   
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 Cell death during mid-oogenesis has been broken down into five morphologically 
distinct phases defined by nurse cell chromatin changes (Etchegaray et al., 2012) (Figure 
1.10). In phase 0 (healthy) egg chambers, nurse cell chromatin is dispersed (Figure 
1.10A). By early dying, phase 1 egg chambers, the nurse cell chromatin has become 
disorganized (Figure 1.10B). In phase 2 egg chambers, nurse cell chromatin undergoes 
fragmentation (Figure 1.10C). In phase 3 egg chambers, the nurse cells have undergone 
condensation, resulting in highly condensed balls of chromatin (Figure 1.10D). In phase 4 
egg chambers, nurse cell chromatin fragments again and the follicle cells begin to die 
(Figure 1.10E). By phase 5, little to no nurse cell material remains and more follicle cells 
are dying (Figure 1.10F). 
The final type of cell death in the ovary occurs in late oogenesis, where the fifteen 
nurse cells undergo a non-apoptotic form of PCD to complete the production of the 
oocyte (Figure 1.11).  Unlike PCD in mid-oogenesis, apoptosis and autophagy do not 
play a major role in the death of the nurse cells in late oogenesis (Mazzalupo and Cooley, 
2006, Peterson and McCall, 2013).  The nurse cells become TUNEL- and LysoTracker-
positive, suggesting that the nurse cells die by a non-canonical process.  The surrounding 
stretch follicle cells also show enrichment of the same engulfment receptors as those seen 
in mid-oogenesis, suggesting that phagocytosis may play a role in nurse cell removal 
(Jenkins et al., 2013) and may in fact be actively killing the nurse cells (Timmons, 2015). 
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1.6 Thesis rationale 
 Proper engulfment and corpse clearance is essential for health and homeostasis of 
organisms. Improper clearance has been associated with serious diseases such as 
Alzheimer’s and Parkinson’s Disease and systemic lupus erythematosus (Fragoulis et al., 
2015; Kimani et al., 2014; Kinugawa et al., 2012; Sierra et al., 2013). These diseases are 
often associated with improper clearance by professional phagocytes. However, there are 
several types of epithelial cells that are required for engulfment on a daily basis, 
including retinal pigment, bronchial, and kidney epithelial cells (Patel et al., 2010; 
Nandrot and Finnemann, 2008; Juncadella et al., 2013). Early-onset diseases such as 
retinitis pigmentosa or late-onset diseases such as age-related macular degeneration have 
been associated with defects in engulfment by epithelial cells (Nandrot, 2014). 
Professional phagocytes may engulf more efficiently than non-professional phagocytes 
(Parnaik et al., 2000; Monks et al., 2005), which may take hours to engulf a dead cell 
(Parnaik et al., 2000), suggesting that non-professional phagocytes need to change to 
increase their phagocytic potential. However, the molecular changes within epithelial 
cells that promote engulfment have not yet been elucidated. 
 The Drosophila ovary serves as an excellent model to study engulfment and 
corpse processing within an epithelial layer. Upon starvation, some stage 7-9 egg 
chambers undergo apoptosis and the follicle cells synchronously enlarge and engulf the 
dying germline (Etchegaray et al., 2012). Starvation provides a reproducible and 
inducible method of observing cell death. The nurse cells are considerably larger than the 
follicle cells, which allows for ease when identifying the dying and engulfed material. 
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Drosophila also has a wealth of genetic tools, reporters, and antibodies available to 
enable an in-depth analysis of cell death and engulfment. Integrins and several other 
engulfment genes have been studied in Drosophila and implicated in engulfment, 
however, their regulation and role in corpse processing is largely unknown. I utilized the 
multitude of tools and starvation-induced cell death to address the molecular changes that 
occur during engulfment. 
 The research in this dissertation uncovers several genes required for the molecular 
changes within an engulfing cell, and how the follicle cells process the engulfed corpse in 
the Drosophila ovary, including a better understanding of the spatial and temporal 
regulation of engulfment machinery throughout cell death.  
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Figure 1.1 The three steps of engulfment. 
 
(A-C) Diagram showing a dying cell (yellow) adjacent to an epithelial layer during three 
progressive stages of engulfment. (A) The first step of engulfment is the recognition of 
“eat-me” signals (red) on the dying cell by engulfment receptors (black receptors). (B) 
The second step of engulfment is phagosome maturation, in which the phagosomes 
mature using small GTPases Rab5 and Rab7 (green). (C) The third step of engulfment is 
acidification, where late phagosomes fuse with lysosomes (black vesicles). 
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Table 1.1 C. elegans, Drosophila, and mammalian homologs. 
C. elegans Drosophila Humans 
CED-1 Draper Jedi-1, MEGF10, MEGF11 
CED-6 Ced-6 Ced-6 
CED-7 CG1718 or CG31731 ABCA1 or 7 
CED-2 Crk CrkII 
CED-5 Sponge and Myoblast city Dock180 
CED-12 Ced-12 Elmo-1 
CED-10 Rac1 Rac1 
CDC-42 Cdc42 Cdc42 
RHO-1 Rho1 RhoA 
MIG-2 RhoL RhoG 
SAND-1 Mon1 Mon1a/b 
CCZ-1 Ccz1 Ccz-1 
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 Figure 1.2 “Inside-out” versus “outside-in” integrin signaling. 
 
Integrin heterodimers (red, blue pair) are present on the membrane surface in active (A 
and C) and inactive (B) states. Normally, heterodimers begin in a bent, inactive 
conformation (B) and can be activated in two different manners. (A) Integrins can 
become activated by binding to ligands using their extracellular domains or (C) activated 
by binding to signaling proteins such as Talin using their small intracellular domains. 
Adapted from Shattil et al., 2010). 
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Figure 1.3 Integrin trafficking in migrating cells. 
 
A diagram of a migrating cell shown with a summary of integrin trafficking pathways. 
Integrin trafficking in migrating cells relies on two main functions: trafficking to the 
leading edge (top) and inhibiting degradation of trafficked heterodimers (bottom). 
Integrin heterodimers can be trafficked to the leading edge along with cell polarity 
markers (left side) or using typical vesicle trafficking machinery (right side). Polarity 
proteins such as Scribbled can also inhibit association of the integrin heterodimers with 
Rab7-positive vesicles, which would be degraded (left bottom) or trafficking proteins like 
Syntaxin 6 (Syx6) can also inhibit heterodimer degradation (right bottom).  
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Figure 1.4 Corpse processing pathway. 
 
A diagram of the canonical corpse processing pathway in an engulfing cell. Engulfed 
material is generally degraded in a four step process: phagocytic cup formation and 
internalization mediated by the large GTPase Dynamin (pink circles), phagosome 
maturation by fusion with Rab5-positive early endosomes (purple circles), then Rab7-
positive late endosomes (green circles), and finally, acidification and degradation by 
fusion with lysosomes (black circle). 
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Figure 1.5 Engulfment genes in corpse processing. 
 
The two engulfment genes known to play a role in corpse processing are the engulfment 
receptors Croquemort and Draper. Croquemort (red, left) has only been shown to be 
required for internalization and phagosome maturation. Draper (black, right) has been 
shown to be required for multiple specific steps including internalization, Clathrin and 
Dynamin (Shi) enrichment on the phagocytic cup, Rab5 enrichment on nascent 
phagosomes, and the subsequent steps of phagosome maturation and degradation. 
  
 29  
Figure 1.6 Catalytic cycling of Rho family GTPases. 
 
GTPases cycle between GTP- (top) and GDP-bound (bottom) states. Guanine exchange 
factors (GEFs, left top) catalyze the GDP- to GTP-bound exchange, activating the 
GTPase, which often becomes localized at the membrane surface and binds to effectors 
for downstream signaling. GTPase activating proteins (GAPs, right top) catalyze the 
GTP- to GDP-bound exchange, deactivating the GTPase, which gets sequestered in the 
cytoplasm. From Iden and Collard, 2008). 
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Figure 1.7 The role of GTPases in engulfment. 
 
The four main Rho family GTPases have different roles within engulfment. Rac1 (green) 
is the best studied of the four, shown to be activated by the unconventional 
Dock180/Elmo1 GEF, which localizes it to the membrane. Cdc42 (dark blue) is also 
found around the phagocytic cup, and its localization is dependent on integrins, however, 
it is uncertain whether integrins directly activate Cdc42 or simply localize it to the 
phagocytic cup. Rho (red) has a more complicated role in phagocytosis; sometimes it 
inhibits phagocytosis and sometimes it increases it. The localization of Rho during these 
processes is unknown. Rac2 (yellow) has been shown to increase during engulfment, but 
the specific role and localization is still unknown. 
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Figure 1.8 The Drosophila ovary. 
 
(A) A schematic of Drosophila ovaries (modified from Mahowald and Kambysellis, 
1980) showing two ovarioles separated from the bundles. (B) Two newly dissected 
ovaries with an ovariole separated from the bundles (Jenkins et al., 2013). 
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Figure 1.9 The germarium within the Drosophila ovary. 
 
A schematic of the Drosophila germarium. The germline stem cells are the dark blue 
cells near the anterior (left) tip. They divide to create germline cysts (light blue). The 
follicle stem cells are the dark blue cells near the middle of the germarium. They divide 
to create the follicle cells (white cells) which surround the germline cysts. Adapted from 
(Fast et al., 2011). 
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Figure 1.10 Phases of starvation-induced mid-oogenesis death. 
 
(A-F) Egg chambers from starved flies expressing a germline cytoplasm GFP (green) and 
stained with DAPI (cyan) and Discs large (magenta). (A) In healthy egg chambers, the 
nurse cell chromatin is dispersed and the follicle cell (FC) membrane is thin around the 
germline. (B) In phase 1 egg chambers, the nurse cell chromatin becomes disorganized 
(arrow) but the FC membranes have not started enlarging. (C) In phase 2 egg chambers, 
the nurse cell chromatin undergoes fragmentation (arrow) and the FC membranes enlarge 
slightly. (D) In phase 3 egg chambers, the nurse cell chromatin condenses into large balls 
(arrow) and the FC membranes have enlarged roughly 4-5-fold. (E) In phase 4 egg 
chambers, the nurse cell chromatin undergoes another round of fragmentation (arrow) 
and FCs begin to die as the membranes enlarge further. (F) In phase 5 egg chambers, 
little to no nurse cell chromatin material remains (arrow) and the FC membranes have 
enlarged such that they have met in the middle (Figure from Etchegaray et al., 2012). 
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Figure 1.11 Stages of developmental death in stages 11-14. 
 
(A-D) Egg chambers from conditioned flies stained with DAPI (cyan) and Discs large 
(red). (A) In stage 11 egg chambers, the nurse cells still have cytoplasm but the follicle 
cells have completely surrounded the nurse cells. (B) In stage 12 egg chambers, the nurse 
cells have dumped their cytoplasm and the oocyte has grown considerably. (C) In stage 
13 egg chambers, few nurse cell nuclei remain and the dorsal appendage is starting to 
form. (D) In stage 14 egg chambers, no nurse cell nuclei remain and the dorsal 
appendages are fully formed (Figure from Jenkins et al., 2013). 
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CHAPTER TWO 
Materials and methods 
(Portions of this chapter were previously published in Meehan et al., 2015a, Meehan et 
al., 2015b) 
  
 
2.1 Genetics and fly husbandry 
 All strains and crosses were reared on standard cornmeal molasses fly food at 
25°C unless otherwise noted. Crosses with GAL80ts were reared on standard cornmeal 
molasses fly food at 18°C and shifted to 29°C for 1-2 days. See Table 2.1. 
 
2.1.1 Drosophila strains  
All strains were obtained from Harvard TRiP (Ni et al., 2008), the Bloomington 
Stock Center or Vienna Drosophila Resource Center unless otherwise indicated (Table 
2.1). The puc-lacZ line was pucA251.1,ry/TM3 (Martín-Blanco et al., 1998, Etchegaray et 
al., 2012). drprΔ5 (draper-/-) (Freeman et al., 2003, Etchegaray et al., 2012) was provided 
by Estee Kurant (Technion-Israel Institute of Technology, Haifa, Israel) and the UAS-βPS 
lines (Schöck and Perrimon, 2003) were provided by Frieder Schöck (McGill University, 
Quebec, Canada). The UAS-mCherry:2XFYVE line (Velichkova et al., 2010) was 
provided by Amy Kiger (University of California, San Diego, CA, USA). 
 
2.1.2 The GAL4/UAS system  
 For all mid-oogenesis experiments, GR1-GAL4 (Trudi Schüpbach, Princeton 
University, NJ, USA; Goentoro et al., 2006, Etchegaray et al., 2012) was used as a driver. 
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GR1-GAL4 drives in all follicle cells starting at very low levels in stage 3 of oogenesis 
and peaking around stage 6 (Figure 2.1). G89 (G00089), a GFP gene trap from FlyTrap 
(Morin et al., 2001, Etchegaray et al., 2012) was recombined with the FC specific driver 
GR1-GAL4 and was crossed to all UAS lines for integrin trafficking experiments in 
Chapter 3. UAS-Rab5GFP and UAS-Rab7GFP were recombined with GR1-GAL4 and 
were crossed to dsRNA lines for corpse processing analysis in Chapter 4. Some dsRNA 
and null lines (αPS3, spg, Rac2Δ, and draperΔ5) were recombined with GR1-GAL4 for 
double mutant analysis. For some late oogenesis experiments (Appendix B), C323a-
GAL4 was used as a driver. C323a-GAL4 drives in all follicle cells starting in stage 9 of 
oogenesis. 
 
2.1.3 GAL80ts for temporal control 
 Some dsRNA lines were lethal, so GR1-GAL4 was combined with tubulin-
GAL80ts and flies were reared at 18°C. GAL80 inhibits GAL4 gene expression by binding 
to and inhibiting the transcriptional activation domain (Pilauri et al., 2005), essentially 
inhibiting the production of any UAS transgene also present (Figure 2.2). The use of a 
temperature sensitive GAL80 allowed for inhibition at 18°C and production of the UAS 
transgene at 29°C. Most progeny with tubulin-GAL80ts were transferred to 29°C for 2 
days to inactivate GAL80; times used for each specific line are specified in Table 2.1.  
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2.2 Conditioning and starving protocol 
For starvation experiments, adult flies were conditioned in new vials containing 
fly food supplemented with freshly made yeast paste for 1.5-2 days and transferred to 
apple juice agar vials overnight (Sarkissian et al., 2014). When flies were deprived of 
nutrients overnight (approximately 16-20 hours), egg chambers in all five phases of death 
were found (Etchegaray et al., 2012). 
For conditioning experiments, adult flies were conditioned in new vials 
containing fly food supplemented with freshly made yeast paste for at least 2 days and 
transferred to a new vial with fresh yeast at least once per day. Refreshing the yeast paste 
at least once daily increased the rate of development, resulting in an increased number of 
egg chambers in stages 11-13 of oogenesis.   
 
2.3  Ovary dissection 
At the time of dissection, flies were 3-10 days old.  Flies were anesthetized on a 
CO2 pad and each female grabbed by the wings using forceps. The female was then 
submerged in a glass well (in a spot plate) filled with Grace’s medium unless otherwise 
noted. The female was pinned down with the other forceps between the abdomen and 
thorax and a hole at the tip of the abdomen was formed with the first set of forceps. The 
ovaries and other organs were gently removed and the other organs were separated from 
the ovaries. The ovaries were placed in a clean well containing Grace’s medium.  
Optimally, dissections were no longer than 20 minutes to ensure minimal tissue 
degradation. Once approximately 7-10 females have been dissected, a glass Pasteur 
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pipette was used to transfer the tissue to a 1.5 mL microcentrifuge tube before 
immediately proceeding to first step of the procedure desired. 
 
2.4 Antibody staining 
 Most antibodies were procured from public sources. However, we had the αPS3 
antibody, originally kindly provided by the Hayashi lab, produced by YenZym (San 
Francisco, CA). We had two rabbits inoculated with the peptide specified in the original 
publication (CELDRLVQQNPVEPEAENLNSGGNN-COOH) (Wada et al., 2007). The 
original serum did not show the same specificity as the original antibody, so YenZym 
purified the serum with two rounds of protein purification. The original expression 
pattern was detected after the first round of purification, but it was much more specific 
after the second round of purification. This antibody was stored at -20°C. 
 
2.4.1 Post-fix protocol (Standard) 
Ovaries were dissected in Grace’s medium as described above and transferred to a 
microcentrifuge tube. All but 300 µL Grace’s medium was removed, and 200 µL heptane 
and 100 µL 16% paraformaldehyde were added to fix and permeabilize the tissue.  The 
tissue was rotated for 20 min at room temperature. The fix solution was removed and 
disposed of in a hazardous waste container. The tissue was immediately rinsed twice with 
PBT, inverting the microcentrifuge tube several times and allowing the tissue to settle 
before removing the solution. The tissue was then washed three times with PBT, rotating 
for 20 min each time. PBANG was then added to block the tissue and rotated for 1 hour. 
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The tissue was incubated in primary antibody diluted in PBANG (Table 2.2 for proper 
dilutions), rotating overnight at 4°C. After incubating, the antibody was removed and the 
tissue was rinsed twice with PBT. The tissue was then washed four times with PBT + 
0.5% BSA, rotating for 30 min each time. The tissue was incubated in secondary 
antibody diluted in PBANG (Table 2.3 for proper dilutions), rotating for 1 hour, in the 
dark. All following steps were performed in the dark. After incubating, the secondary 
antibody was removed and the tissue was rinsed twice with PBT. The tissue was then 
washed four times with PBT + 0.5% BSA, rotating for 30 min each time. The tissue was 
rinsed once with 1X PBS, ~2 drops VectaShield with DAPI were added, and the tissue 
was stored the tissue at 4°C, overnight. To mount, the tissue was transferred to a 
microscope slide using a glass Pasteur pipette and the ovarioles were teased apart using 
tungsten needles. A coverslip was added and the slide was sealed with nail polish. 
 
2.4.2 Pre-fix protocol 
This protocol was used for antibodies that are formaldehyde-sensitive (αPS1 and 
αPS2). Ovaries were removed from a female fly in cold Ringer’s buffer and, unlike 
above, the ovaries were teased apart during dissection. The ovaries were transferred to a 
500µl tube in 300µl Ringer’s buffer. The tissue was blocked by adding 15µl goat serum 
and nutating at 4°C for 15 minutes. The blocking solution was removed and 200µl 
Ringer’s buffer, 15µl goat serum, and 100µl primary antibody was added (Table 2.2). 
The tissue was nutated at 4°C for 1 hour only before placing the tube in a rack at 4°C 
overnight. The next day, the tissue was rinsed three times with cold Ringer’s buffer and 
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washed for 15 minutes while nutating at 4°C. The Ringer’s buffer was removed and the 
block solution was added: 300µl Ringer’s buffer and 15µl goat serum. The tissue was 
blocked for 15 minutes while nutating. The blocking solution was removed and 300µl 
Ringer’s buffer, 15µl goat serum, and 1.5µl goat α-mouse secondary antibody was added 
(Table 2.3). The tissue was incubated in primary antibody for 1 hour while nutating in the 
dark. The tissue was rinsed three times with cold Ringer’s buffer and washed twice for 15 
minutes while nutating. The Ringer’s buffer was removed and the tissue was fixed with 
300µl Ringer’s buffer, 100µl paraformaldehyde, and 200µl heptane for 20 minutes on a 
rotator. The fix solution was removed and the tissue was rinsed twice with PBS before 
adding ~2 drops VectaShield. The tissue was then mounted as described above. 
 
2.4.3 Heptane-free fix protocol 
Ovaries were dissected in Grace’s medium as described above and transferred to a 
microcentrifuge tube. All but 400 µL Grace’s medium was removed, and 200 µL 16% 
paraformaldehyde was added to fix the tissue. The tissue was rotated in the fix solution 
for 10 min. The fix solution was removed and Methanol was added and rotated for 5 min. 
The tissue was immediately rinsed twice with PBS + 0.2% Triton (PBT2). The tissue was 
then washed four times with PBT2, rotating for 15 min each time. The PBT2 was 
removed and PBT2 + 0.2% BSA was added for blocking. The tissue was rotated for 1 
hour. The tissue was then incubated in primary antibody diluted in PBANG (Table 2.2 for 
proper dilutions), and rotated overnight at 4°C. The next morning, the antibody was 
removed and the tissue was rinsed twice with PBT2. The tissue was washed 4 times with 
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PBT2, rotating for 15 min each time. The tissue was incubated in secondary antibody 
diluted in PBANG (Table 2.3 for proper dilutions), rotating for 1 hour, in the dark. The 
secondary antibody was removed and the tissue was rinsed twice with PBT. The tissue 
was then washed four times with PBT + 0.5% BSA, rotating for 30 min each time, in the 
dark. The tissue was rinsed once with 1X PBS and ~2 drops VectaShield with DAPI was 
added and the tissue was stored at 4°C, in the dark, overnight. The stained tissue was then 
mounted as described above. 
 
2.5 Western blot staining and quantification 
To prepare tissue for the western blot, 5 flies were dissected in water and the 
ovaries were placed in an Eppendorf tube with a total volume of 150 µL of water. 50 µL 
of 4X Laemmli buffer was added and the tissue was ground with a motorized pestle. The 
tissue was boiled at 95-100 °C for 5 minutes and placed on ice or frozen until used. 10 µL 
of each sample was loaded onto a 10% gel and run at approximately 125V for 1 hour. 
Protein was transferred onto a nitrocellulose membrane using approximately 75V at 4 °C 
for 2 hours. The membrane was blocked with 5% dry milk in Tris-buffered saline with 
Tween-20 (TBST) and incubated in primary antibody (Table 2.2) overnight at 4 °C. Blots 
were washed with TBST before incubating in secondary antibody (diluted in TBST only, 
Table 2.3) for 1 hour at room temperature. Blots were washed with TBST, with the last 
wash in TBS (if using LiCor imaging software) before drying the membrane and imaging 
using LiCor imaging software. Dry membranes were placed upside down on the scanner 
and imaged using LiCor imaging software, Image Studio v4.0. Channels were converted 
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to black and white images and quantified as individual images. Blots were quantified 
using Image Studio software by adding a rectangle around the signal of interest. I copied 
the signal intensities into an Excel sheet and divided the ‘experimental’ intensity by the 
‘control’ intensity, or that of the loading control.  
To image blots that were not prepared using LiCor secondary antibodies, after the 
blots were incubated with secondary antibody, the blots were washed with TBST for all 3 
washes. The blot was then placed in a plastic sheet protector, cut to size, and equal parts 
of ECL Prime Western Blotting Detection Buffers were added to the blots and incubated, 
not shaking, for 5 min. The residual buffers were then removed using a Kimwipe and the 
blot was placed, in the plastic, into a holder for exposure. The holder and film were taken 
to a dark room, and the film was exposed for differing lengths of time before the film was 
placed into a developer. The developed film was then compared to the ladder on the blot 
to size the bands that were exposed. 
 
2.6 LysoTracker stain 
Ovaries were dissected in PBS and teased apart before being transferred in 600µl 
PBS to a microcentrifuge tube. 1µl LysoTracker was immediately added to the PBS and 
the tissue was incubated for 5 min on a rotator. The LysoTracker solution was then 
removed and the tissue was rinsed twice with PBS. The tissue was then washed in PBS 3 
times over 30 min. The tissue was fixed for 20 min in 300µl PBS, 200µl heptane, and 
100µl 16% paraformaldehyde. At this point in the protocol, the tissue was often rinsed 
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with PBT before continuing with the standard antibody staining protocol. After staining 
was completed, the tissue was mounted as described above. 
 
2.7 Using PCR to detect successful genetic recombinants 
 To screen potential genetic recombinant lines for genes of interest (Table 2.4 for 
primers used and expected product size), genomic DNA was extracted from single flies. 
A fly, usually a female, was placed in a PCR tube with 50µL squish buffer with 
Proteinase K. The fly was then ground up in the squish buffer using a pipette tip. The 
buffer was pipetted up and down several times while grinding the fly to extract as much 
tissue as possible. The ground up fly in buffer was then heated to 37°C for 30 min for 
digestion, switched to 95°C for 2 min to heat-kill the enzyme, and if necessary stored at 
4°C. The PCR tube was centrifuged at 14,000rpm for 7 min to pellet the insoluble 
material. The supernatant, containing the genomic DNA, was transferred to a new PCR 
tube and can be stored at 4°C. 2µL of genomic DNA was added to a master PCR mix 
using Taq polymerase. The PCR conditions were: 1) 95°C for 30 sec, 2) 95°C for 30 sec, 
3) 61.5°C for 1 min, 4) 68°C for 1 min, 5) go to step 2 29 more times, 6) 72°C for 5 min, 
and stored at 4°C until samples were run on a 1% agarose gel containing Ethidium 
Bromide for 30-45 min at 100V. Gels were visualized using a BioRad gel doc and the 
Quantity One software.  
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2.8 Microscopy 
All samples were viewed using either the Olympus Cell Sens Entry software on 
the fluorescent Olympus BX60 microscope or the FluoView software on the confocal 
Olympus FluoView FV10i microscope. All images were analyzed and processed using 
ImageJ and Adobe Photoshop CS6, and figures were made using Adobe Illustrator CS6. 
 
2.9 Quantification of engulfment during mid-oogenesis 
2.9.1 Percentage unengulfed germline 
 To quantify the percentage of unengulfed germline, egg chambers were stained 
with a membrane marker as previously described (Etchegaray et al., 2012). Using 
ImageJ, the area of the egg chamber and the area of the germline area were measured and 
used to calculate percentage unengulfed germline (Figure 2.3). At least three egg 
chambers were analyzed for each phase and genotype.  
 
2.9.2 Number of engulfed and processed vesicles 
 To measure uptake directly, we used an antibody raised against cleaved Dcp-1 to 
mark engulfed vesicles (Sarkissian et al., 2014), and at least three egg chambers were 
quantified for each phase (phases 1-4) and genotype. The Dcp-1 only channel was used to 
distinguish Dcp-1-positive vesicles from Dcp-1-positive dying follicle cells by counting 
only discrete circles. To quantify Rab7-positive vesicles, the channel with Rab7GFP and 
Dcp-1 was used, and only vesicles with a clear outline were included. To quantify 
LysoTracker-positive vesicles, the LysoTracker only channel was used to distinguish 
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between LysoTracker-positive vesicles and LysoTracker-positive dying follicle cells by 
counting only discrete circles.   
 
2.10 Quantification of apically enriched proteins during mid-oogenesis 
 To quantify the localization of αPS3 and βPS or other apically enriched proteins 
such as aPKC and Crumbs, lines were drawn from apical to basal through nine cells of 
each egg chamber and a line plot of the intensity measurements was generated (Figure 
2.4). The last two microns on either end of the cell were designated as the apical or basal 
regions. The peak values were identified and the remainder of the cell (cytoplasmic) was 
averaged; these values were averaged and graphed. Values from mutant egg chambers 
were normalized to the average intensity from healthy control egg chambers imaged on 
the same slide at the same settings. At least three egg chambers for each phase and 
genotype were quantified (phases 0-4). 
 
2.11 Statistical analysis 
 All statistical analysis was performed using the Daniel’s XL Toolbox add-on or 
the t-test function in Microsoft Excel. To compare multiple genotypes or phases 
simultaneously, a one-way ANOVA was performed. This identifies if there is a statistical 
difference between any of the groups. At the same time, a Bonferroni-Holm post-hoc test 
was also performed, which compares between only two groups and produces a P value. 
To compare two genotypes or phases, an unpaired two-tailed t-test was performed. This 
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identifies if there is a statistic difference only between those groups selected. For both 
ANOVA and t-tests, P values lower than 0.05 were considered significant. 
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Table 2.1 List of all fly lines used. 
Gene Genotype 
Stock/ 
Source 
Chapter/ 
Appendix 
29°C* 
 w1118  3, 4, C -- 
 GR1-GAL4, G00089/TM6B  3, 5, B -- 
 GR1-GAL4  3, 4, A, B -- 
lacZ UAS-lacZ  3 -- 
Luc luciferase dsRNA  3, 4 -- 
eGFP eGFP dsRNA 1 3 -- 
puc puclacZA251/TM3, Sb  3, 5 -- 
puc puclacZE69/TM3  -- -- 
puc TRE-RFP-40 1 -- -- 
Rac1 w[*]; P{w[+mC]=GFP-Rac1}20 52284# 5 -- 
Rac2 w[*]; P{w[+mC]=GFP-Rac2}21 52286# 5 -- 
Rho1 w[1118]; P{w[+mC]=GFP-Rho1}21 9528# -- -- 
Cdc42 w[1118]; P{w[+mC]=sqh-ChFP-Cdc42}23 42236# 5 -- 
scb 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF02696}attP2 
27545# 3, 4, B 2 d 
scb 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01873}attP40 
38959# 3 2 d 
scb 
y[1] w[67c23]; P{w[+mC] 
y[+mDint2]=EPgy2}EY10270/CyO 
17655# 3, B -- 
scb 
y[1] w[67c23]; P{w[+mC] 
y[+mDint2]=EPgy2}scb[EY02806] 
19830# -- -- 
scb cn[1] P{ry[+t7.2]=PZ}scb[01288]/CyO; ry[506] 11035# -- -- 
mys 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00043}attP2 
33642# 3, B 2 d 
mys 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF02819}attP2 
22735# -- -- 
mys UAS-mys 2 3 -- 
Syx5 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF03330}attP2 
29397# 3, B 2 d 
shot 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF02971}attP2 
28336# 3, B 2 d 
Clasp 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01146}attP2 
34669# 3, B 2 d 
numb 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01459}attP2 
35045# 3, B 2 d 
talin 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HM05161}attP2 
28950# 3, B 2 d 
talin 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00799}attP2 
32999# -- 2 d 
Pinch 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF01096}attP2 
31536# 3, B 2 d 
Pinch 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF01097}attP2 
31537# -- 2 d 
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aPKC 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01411}attP2 
35001# 3 2 d 
aPKC w[*]; P{w[+mC]=UAS-aPKC.DeltaN}3 51673# 3, B -- 
baz 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01412}attP2/TM3, Sb[1] 
35002# 3 2 d 
par-6 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01829}attP2 
38361# 3 2 d 
crb 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF02777}attP2 
27697# 3 2 d 
Dhc64C 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01587}attP2 
36698# 3 2 d 
Src42A P{KK108017}VIE-260B 100708^ 4, B -- 
Fak56D 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00010}attP2 
33617# 4, B -- 
draper draperΔ5  3, 4 -- 
draper draper dsRNA  4 -- 
kayak 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF02804}attP2 
27722# 4, 5 -- 
kayak w[1118]; P{w[+mC]=UAS-Fra.Fbz}5 7214# -- -- 
Cdc42 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF02855}attP2 
28021# 4, 5 -- 
Cdc42 w[*]; P{w[+mC]=UAS-Cdc42.N17}3 6288# -- -- 
Ced-12 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HM05042}attP2 
28556# 4 -- 
spg 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01356}attP2/TM3, Sb[1] 
34367# 4 -- 
crq crqK092/CyO 3 4, B -- 
shi w[1118]; P{GD1529}v3799/TM3 3799^ 4, B 2 d 
shi 
w[*]; TM3, P{w[+mC]=UAS-shi.K44A}3-
10/TM6B, Tb[1] 
5822# -- 2 d 
Rab5 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00147}attP2 
34832# 4 2 d 
Rab5 w[*]; P{w[+mC]=UAS-Rab5.S43N}2 42703# -- 2 d 
Rab7 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF02377}attP2 
27051# 4 -- 
Rab7 w[*]; P{w[+mC]=UAS-Rab7.Q67L}2 42707# -- -- 
dor w[1118] P{GD10124}v33734 33734^ 4 -- 
Rac1 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF02813}attP2 e[*] 
28985# 5 2 d 
Rac2 Rac2[Delta] ry[506] 6675# 5, B -- 
Rac2 w[1118]; P{GD17536}v50349 50349^ 5, B -- 
Rac2 w[1118]; P{GD17536}v50350 50350^ 5, B -- 
Rac2 w[1118]; P{GD13964}v28926 28986^ 5, B -- 
Rho1 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF02809}attP2 
27727# B 1 d 
EcR 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMC03114}attP2/TM3, Sb[1] 
50712# 3, B -- 
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Notch 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00009}attP2 
33616# 3, B -- 
Notch 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00001}attP2 
33611# 3, B -- 
Notch 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF01637}attP2 
28981# 3, B -- 
RhoGAP 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF01520}attP2/TM3, Ser[1] 
31070# 3, B -- 
αPS4 w[1118]; P{GD2007}v37172/TM3 37172^ 3, B -- 
Arf6 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF02549}attP2 
27261# -- -- 
Arf6 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.GLC01795}attP2 
51417# -- -- 
wb 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF03238}attP2 
29559# -- -- 
Grasp 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01093}attP2 
34082# 3 2 d 
Fas2 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01098}attP2 
34084# -- 2 d 
Chc 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF02681}attP2 
27530# -- -- 
Arp14D 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF02785}attP2/TM3, Sb[1] 
27705# -- -- 
αPS1 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF02694}attP2 
27543# -- -- 
αPS1 w[1118]; P{GD1230}v44890 44890^ -- -- 
αPS2 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF02695}attP2 
27544# -- -- 
αPS2 w[1118]; P{GD1175}v44885 44885^ -- -- 
αPS2 P{KK108544}VIE-260B 100770^ -- -- 
αPS4 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HM05021}attP2 
28545# -- -- 
αPS5 w[1118]; P{GD2181}v6647 6647^ -- -- 
αPS5 P{KK103807}VIE-260B 100120^ -- -- 
αPS5 w[1118]; P{GD2181}v6646 6646^ -- -- 
βν 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HM05089}attP2 
28601# -- -- 
βν w[1118]; P{GD2503}v40895 40895^ -- -- 
numb 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF01695}attP2 
31182# -- -- 
talin 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00856}attP2 
33913# -- -- 
Fas2 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF02918}attP2 e[*] 
28990# -- -- 
Chc 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01222}attP2 
34742# -- -- 
Pkd 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF03144}attP2 
28717# -- -- 
αPS1 UAS-mew 4 -- -- 
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Src42A w[1118]; P{w[+mC]=UAS-Src42A.CA}5 6410# -- -- 
draper UAS-draper  -- -- 
Rab5 w[*]; P{w[+mC]=UAS-Rab5[Q88L]}3 43335# -- 2 d 
Rab35 y1 v1; P{y[+7.7] v[+t1.8]=TRiP.JF02978}attP2 28342# B -- 
Rab8 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF02669}attP2 
27519# -- -- 
Rab8 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01363}attP2 
34373# -- -- 
Rab2 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF03117}attP2 
28701# --  
Rab2 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01271}attP2 
34922# --  
Rab4 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01100}attP2 
33757# --  
Rab9 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF01861}attP2 
31688# --  
Rab9 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS02635}attP40 
42942# --  
Rab14 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF03135}attP2 
28708# --  
Rab14 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01130}attP2 
34654# --  
shi 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF03133}attP2 
28513# --  
shi 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00154}attP2 
36921# --  
Source Information: 
# Obtained from the Bloomington Stock Center. 
^ Obtained from the Vienna Stock Center. 
1 Obtained from the Perrimon lab. 
2 Obtained from the Schöck lab. 
3 Obtained from the Franc lab. 
4 Obtained from the Jan lab. 
All others were lab stocks. 
Temperature Conditions: 
* Length of time at 29°C to either inactivate GAL80ts or increase GAL4 production. 
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Figure 2.1 GR1-GAL4 expression in the ovary.  
 
(A-B’) Egg chambers from starved flies expressing UAS-mCD8 GFP (green) stained with 
DAPI (cyan). (A-A’) An ovariole shows GFP expression beginning at very low levels 
starting in stage 3 egg chambers (arrowheads). (B-B’) A dying egg chamber still shows 
GFP expression in engulfing follicle cells, slightly increased levels in anterior and 
posterior follicle cells (Images from Etchegaray et al., 2012). 
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Figure 2.2 The GAL4/UAS system in conjunction with GAL80ts can be used to 
temporally and spatially regulate gene expression. 
 
At 18°C, Gal80ts is stable and associates with the GAL4 transcriptional activation domain 
(Pilauri et al., 2005), thereby inhibiting the production of the UAS transgene (GFP shown 
in the diagram). At 29°C, Gal80ts becomes unstable so GAL4 is produced and binds to 
the upstream activated sequence (UAS) to activate expression of the UAS transgene 
(GFP shown here). 
  
 53  
Table 2.2 Primary antibodies used for cell death and phagocytosis analysis. 
Antibody Source 
Catalog 
Number 
Dilution 
(IHC) 
Dilution 
(Western) 
Protocol 
aPKC Santa Cruz sc-216 1:1000 -- 
2.4.1 and 
3 
αPS1 DSHB DK.1A4 1:3 -- 2.4.2 
αPS2 DSHB CF.2C7 1:3 -- 2.4.2 
αPS3  Hayashi lab1 -- 1:300 -- 2.4.1 
αPS3  This study -- 1:1000 5:10,000 2.4.1 
βPS DSHB CF.6G11 1:10 -- 2.4.1 
βν 
Nakanishi 
lab2 
-- 1:100 -- 2.4.1 
Crumbs DSHB Cq4 1:25 -- 2.4.3 
DCAD2 DSHB DCAD2 1:50 -- 2.4.1 
Dcp-1 
Cell 
Signaling 
9578 1:100 -- 2.4.1 
Dlg DSHB 4F3 1:100 -- 2.4.1 
Draper DSHB 5D14 1:50 -- 2.4.1 
GFP Torrey Pines TP401 1:250 1:1,000 2.4.1 
GM130 Abcam ab30637 1:100 -- 2.4.1 
Lamin 
Dm0 
DSHB 84.12 -- 1:10,000 -- 
1Wada et al., 2007 
2Nagaosa et al., 2011 
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Table 2.3 Secondary antibodies  
Antibody Source 
Catalog 
Number 
Dilution 
(IHC) 
Dilution 
(Western) 
Protocol 
GαRb 488 
Molecular 
Probes  
A11008 1:200 -- 2.4.1 
GαM Cy3 Jackson 
115-165-
003 
1:100 -- 2.4.1-3 
GαRb Cy3 Jackson 
111-165-
003 
1:100 -- 2.4.1 
GαM 649 Jackson 
115-495-
003 
1:100 -- 2.4.1 
GαRb 647 Jackson 
111-605-
003 
1:100 -- 2.4.1 
GαM HRP Jackson 
115-035-
003 
-- 1:10,000 -- 
GαRb 
HRP 
Jackson 
111-035-
003 
-- 1:10,000 -- 
GαM 680 LiCor  -- 1:20,000 -- 
GαRb 800 LiCor  -- 1:20,000 -- 
 
  
 55  
Table 2.4 Primers and expected product size for PCR to identify genetic 
recombinants. 
Gene 
Detected 
Direction Primer Sequence Size (WT/mut) 
draper 
Forward GCACGGTGTAAACTGGTTTTC WT: around 2kb 
Mut: around 0.5kb Reverse GCTGTACAGAATGGGAGGATC 
Rac2 
Forward TTAGAGCAGGGCGCACTTGTG WT: around 1.5kb 
Mut: around 0.5kb Reverse GTGGATTGCCACGACTAACG 
All valium Forward CGCAGCTGAACAAGCTAAAC 
Between 1-2kb Valium 10 Reverse CTAGACTGGTACCCTCGAATC 
Valium 1, 20 Reverse TAATCGTGTGTGATGCCTACC 
  
 56  
Figure 2.3 Method for quantifying percentage unengulfed germline. 
 
Using the membrane only channel, the germline area (A) and the total area (A’) of the 
egg chambers were circled in ImageJ. To calculate percentage unengulfed germline, the 
germline area was divided by the total area and multiplied by 100. All measurements 
were normalized to phase 0 egg chambers, which were set at 100. Method originally 
published in Etchegaray et al., 2012. 
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Figure 2.4 Method for quantifying apically enriched proteins. 
 
An egg chamber stained with αPS3 (shown in green, here), βPS, or aPKC can be 
quantified for intensity. The egg chamber was split into anterior, posterior, and main 
body follicle cells, in case of differences in different follicle subsets. A line was drawn 
from the apical to the basal surface of the follicle cells (white arrow) and obtained a line 
plot on ImageJ. The first two microns of the cell was designated “apical” and the last two 
microns of the cell was designated “basal”. The remainder of the cell was designated 
“cytoplasmic” and was averaged. Nine of these lines were drawn within an egg chamber, 
three in the posterior, three in the anterior, and three in the main body follicle cells. 
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CHAPTER THREE 
Polarization of the Epithelial Layer and Apical Localization of Integrins are 
Required for Engulfment of Apoptotic Cells 
 (Portions of this chapter was previously published in Meehan et al., 2015a) 
 
3.1 Introduction 
 Epithelial cells, such as the RPE and bronchial epithelial cells, are required for 
engulfment on a daily basis. Engulfment in an epithelial layer requires substantial changes, 
all of which must be tightly regulated. However, very little is known about the molecular 
changes required for an epithelial layer to initiate engulfment. Integrins are αβ 
heterodimeric receptors that are crucial for phagocytosis in both professional and non-
professional phagocytes in mammals (Finnemann and Silverstein, 2001, Sexton et al., 
2001, Hsieh et al., 2012, Flannagan et al., 2014). Mammals have 18 α and 8 β subunits, but 
only use one specific α subunit, αν, for engulfment by professional and non-professional 
phagocytes. Interestingly, in C. elegans, two different α subunits are used for engulfment 
(Hsu and Wu, 2010, Hsieh et al., 2012). In Drosophila, there are five α and two β subunits. 
Recently, the αPS3/βν heterodimer was shown to be required in professional phagocytes 
for the engulfment of bacteria and apoptotic cells (Shiratsuchi et al., 2012, Nonaka et al., 
2013), but a role for integrins in non-professional phagocytes in Drosophila has not yet 
been demonstrated.  
One example of an epithelium that is required for engulfment is the RPE in 
mammals, which engulf photoreceptor outer segments via their apical surface (Kevany and 
Palczewski, 2010). ανβ5, the integrin heterodimer associated with phagocytosis, is apically 
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localized in RPE cells (Finnemann et al., 1997, Nandrot et al., 2008), despite basal 
localization of integrins in most cells. This suggests that heterodimer localization may be 
important for function. However, it is currently unknown how integrin heterodimers are 
asymmetrically localized within an engulfing cell.  
One possibility is that cellular polarity is important for integrin trafficking, as it 
often is in migrating cells. The RPE cells are highly polarized throughout development and 
engulfment (Marmorstein, 2001), suggesting that this may be the case. Interestingly, the 
epithelial follicle cells in the Drosophila ovary are also highly polarized (Tanentzapf et al., 
2000, Morais-de-Sá et al., 2010, Fletcher et al., 2012) and engulf apoptotic debris via their 
apical side (Giorgi and Deri, 1976, Mazzalupo and Cooley, 2006, Tanner et al., 2011, 
Etchegaray et al., 2012). A second possibility is that integrin heterodimers are trafficked in 
a directed fashion. We test these possibilities in this study and find that both play a role in 
engulfment and integrin trafficking.  
The Drosophila ovary serves as a model of inducible engulfment by epithelial cells, 
which can provide insight into how a phagocytic state is activated in non-professional 
phagocytes (Thomson et al., 2010, Thomson and Johnson, 2010, Tanner et al., 2011, 
Etchegaray et al., 2012, Pritchett and McCall, 2012).  Here we demonstrate that integrins 
are required for engulfment by follicle cells and we show how they are apically trafficked 
in an adherent, epithelial cell layer. We found that integrin heterodimer localization and 
function is largely directed by the α subunit, and apical localization of αPS3/βPS is required 
for engulfment. We found that many of the genes required for integrin trafficking in 
migratory cells are also required during engulfment, suggesting that migrating and 
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engulfing cells may share common machinery. Moreover, our findings suggest that the 
Drosophila ovary may serve as an excellent in vivo model for integrin trafficking and 
function within the polarized RPE cells, as our results indicate a high degree of similarity 
between these two tissues. Thus, the information gained here about the molecular changes 
within an engulfing epithelium may provide valuable insight into treatment for diseases 
such as macular degeneration and retinitis pigmentosa. 
 
3.2 The integrin subunits, αPS3 and βPS, become apically enriched in engulfing 
follicle cells 
 Starvation-induced cell death occurs specifically during stages 7-9 of oogenesis 
(Giorgi and Deri, 1976), and five phases of death have been defined based on the 
progressive condensation and fragmentation of apoptotic germline-derived nurse cell 
nuclei (Etchegaray et al., 2012) (Figure 3.1A-D). In healthy egg chambers, nurse cell 
chromatin is dispersed (Figure 3.1A), but becomes disorganized in very early dying, or 
phase 1, egg chambers (Figure 3.1B). By phase 3 of death, the nurse cell chromatin has 
become highly condensed in balls (Figure 3.1C) and by phase 5 of death, most nurse cell 
chromatin has been removed (Figure 3.1D). Few hemocytes circulate within the ovary and 
engulfment of germline debris is carried out by adjacent epithelial follicle cells (FCs). 
We previously showed that the engulfment receptor Draper and the JNK pathway 
are required for engulfment by FCs (Etchegaray et al., 2012). In other systems, Draper and 
its orthologs work in parallel to other engulfment genes, including integrins (Nagaosa et 
al., 2011, Hsieh et al., 2012, Kim et al., 2012, Shiratsuchi et al., 2012). To investigate 
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whether integrins participate during engulfment in the ovary, we analyzed the expression 
of integrin subunits during engulfment utilizing previously made antibodies (Brower et al., 
1984, Wada et al., 2007, Nagaosa et al., 2011). It has previously been shown that αPS1, 
αPS2, and βPS are expressed throughout oogenesis, whereas αPS3, αPS4, and αPS5 
become transcriptionally up-regulated during late oogenesis (Dinkins et al., 2008). We 
found that the expression pattern and intensity of αPS1, αPS2, and βν did not change during 
engulfment but αPS3 and βPS increased strikingly. In healthy mid-stage (stages 7-9) egg 
chambers, αPS3 was not detected on the FCs (Figure 3.1A’) and βPS was present on all 
surfaces (Dinkins et al., 2008) (Figure 3.1A’’). Both subunits increased specifically on the 
apical surface of follicle cells in very early dying, phase 1, egg chambers (Figure 3.1B’-
B’’). We quantified the intensity of αPS3 and βPS throughout the cell (see Methods and 
Figure 3.2A-C) and found that the intensity of αPS3 increased more than 2-fold on the 
apical surface (Figure 3.2A) of phase 1 egg chambers, whereas there was only a 1.2-fold 
increase on the basal surface (Figure 3.2C). Both αPS3 and βPS continued to increase on 
the apical surface as engulfment proceeded (phases 3-5), but also started to increase on the 
basal surface and within the cytoplasm to a lesser extent (Figure 3.1C’-C’’,D’-D’’, Figure 
3.2A-C). The co-localization of these two subunits suggests that αPS3 and βPS form a 
heterodimer on the apical surface during engulfment. 
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3.3 The integrin heterodimer, αPS3/βPS, is required specifically in the follicle cells 
during engulfment 
 To determine whether αPS3 and βPS were required in the FCs for engulfment, we 
knocked down αPS3 and βPS using RNAi and confirmed that there was effective 
knockdown using antibody staining (Figure 3.3A-F). We expressed dsRNA against 
integrin subunits using a GAL4 driver (GR1-GAL4) that begins to be expressed in mid-
oogenesis (Etchegaray et al., 2012 and Figure 2.1), allowing for integrin expression and 
establishment of a normal follicular epithelium in early oogenesis. When well-fed, loss of 
αPS3 and βPS in the follicle cells did not disrupt normal development of the egg 
chambers. Loss of βPS resulted in round late stage egg chambers with short dorsal 
appendages, as previously shown (Bateman et al., 2001), but the chorion formed 
normally, indicating that FCs functioned normally under these conditions.  
To visualize engulfment, flies expressing αPS3 and βPS dsRNA under the control 
of GR1-GAL4 were starved and ovaries were stained with cellular markers (Figure 3.4) 
(Etchegaray et al., 2012, Sarkissian et al., 2014). While healthy egg chambers were 
normal (Figure 3.4A,D,G), loss of either subunit resulted in defective FC enlargement 
and engulfment in dying egg chambers compared to controls (Figure 3.4B-C,E-F,H-I). 
Specifically, follicle cells failed to enlarge and engulf during phase 3, and follicle cells 
disappeared by phase 5, leaving behind unengulfed germline cytoplasm and highly 
condensed nurse cell chromatin, resembling draper mutants (Figure 3.4J-L). As 
previously described (Etchegaray et al., 2012), we quantified the percentage of 
unengulfed germline using membrane markers to measure the area of the germline and 
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the total egg chamber (Figure 3.5A), and found that integrin knockdowns had engulfment 
defects similar to draper mutants. As another measurement of engulfment, we used an 
antibody raised against cleaved caspase Dcp-1 which marks the germline of dying egg 
chambers and engulfed apoptotic debris (Sarkissian et al., 2014) (Figure 3.4A-L). We 
used this antibody to specifically count the discrete number of engulfed particles within 
the follicle cells (Figure 3.5B). Healthy egg chambers did not label for cleaved Dcp-1 
(Figure 3.4A,D,G,J), but control dying egg chambers showed particle uptake beginning in 
phase 1, which increased and plateaued by phase 3 (Figure 3.5B). However, the loss of 
draper, αPS3, or βPS resulted in defective particle uptake when compared to controls 
(Figure 3.5B). This defect is most clearly seen in the images showing only the Dcp-1 
channel (Figure 3.4B’,E’,H’,K’). By phase 4, draper mutants contained more particles 
than the integrin knockdowns (Fig. 3.5B), suggesting that draper and integrins are 
required for uptake but draper may also have defects in phagosome maturation, while 
integrins do not. Indeed, Draper/Ced-1 has been shown in multiple cell types to play a 
role in corpse processing (Kurant et al., 2008, Yu et al., 2008, Chen et al., 2013, Han et 
al., 2014, Evans et al., 2015).  
We also made RNAi and null clones, such that follicle cells mutant for αPS3 were 
neighboring wild-type follicle cells. With both types of clones, we found that loss of 
either subunit resulted in decreased follicle cell survival. With RNAi clones, we only 
succeeded in making very small clones, but several times spotted a dead RNAi follicle 
cell within a neighboring wild-type cell, indicating that the neighboring follicle cells 
engulfed the integrin knockdown cells (Figure 3.6, arrow). With null clones, we had 
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extreme difficulty getting clones in the proper stages, and the clones that were formed 
were very small and often unhealthy. Therefore, to verify that the defects we saw during 
engulfment were not due to follicle cell death, we quantified the average number of 
healthy and pyknotic FCs in αPS3dsRNA and βPSdsRNA-expressing egg chambers (Figure 
3.7A-B). Surprisingly, we found that pyknotic FCs do not accumulate as they do in 
draper mutants (Etchegaray et al., 2012) (Figure 3.7B). This suggests that Draper is 
required for germline and follicle cell engulfment while integrins are required for 
germline engulfment only. The average number of healthy FCs also does not begin to 
drop until after engulfment defects are seen, indicating that the defects we see are not due 
to FC death (Figure 3.7A). However, we did notice that integrin mutants also have 
defects in the breakdown of NC nuclei, much like draper mutants (Etchegaray et al., 
2012) (Figure 3.8). This suggests that this defect may not be specific to loss of Draper, 
but due to defects in engulfment in general. 
Since Draper and integrins have been shown to work either in parallel or together, 
we investigated whether enrichment or activation of either pathway is dependent on the 
other. We found that draper was not required for enrichment of αPS3/βPS when 
compared to controls (Figure 3.9A-D’), and the integrin pathway was not required for 
enrichment of Draper or activation of the JNK pathway when compared to controls 
(Figure 3.9E-L) indicating that enrichment of integrins and Draper, and activation of the 
JNK pathway occur independently of each other. 
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3.4 The localization and function of αPS3/βPS is largely directed by αPS3 
 Due to the polarized localization of integrins in our system, we manipulated 
expression levels of αPS3 and βPS to determine which subunit dictates the heterodimer 
localization. Over-expression of αPS3 in FCs led to a robust increase in whole ovaries 
(Fig. 3.10), and a premature 2-fold apical enrichment of αPS3/βPS in healthy egg 
chambers (Figure 3.11A-A’,D-D’), equivalent to phase 1 control egg chamber 
enrichment (Figure 3.12A). Overall, αPS3-expressing egg chambers engulfed normally 
(Figure 3.11B,E, Figure 3.13B), but often terminated with lingering germline material 
due to premature FC migration (Figure 3.11F, Figure 3.13A). During oogenesis, some of 
the anterior FCs normally migrate toward the posterior beginning in stage 9 (King, 1970). 
In many egg chambers over-expressing αPS3, all of the anterior FCs migrated to the 
posterior, leaving part of the egg chamber without FCs (Figure 3.11E, arrow). Despite the 
lingering germline, the number of engulfed vesicles indicated that the egg chambers over-
expressing αPS3 were not engulfment-defective (Fig. 3.13B). 
Surprisingly, we found that egg chambers over-expressing βPS were engulfment-
defective (Figure 3.11H-I, Figure 3.13A-B) and had considerable basal enrichment of 
βPS in healthy (Figure 3.11G) and dying egg chambers (Figure 3.11H,H’). Throughout 
engulfment, over-expression of βPS prevented apical enrichment of αPS3 until phase 4 
(Figure 3.12A), but did not mis-localize αPS3 (Figure 3.12B-C), suggesting that over-
expression of βPS inhibits αPS3/βPS apical trafficking.   
Again, we quantified the average number of healthy and pyknotic FCs and found 
that any engulfment defects were seen before a decrease in healthy FCs or increase in 
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pyknotic FCs (Figure 3.14). We also found that NC nuclei do not degrade as expected in 
UAS-βPS only (Figure 3.15). This suggests that while UAS-αPS3 egg chambers are not 
able to completely engulf the germline material, the signal from the FCs to the NCs to 
degrade NC chromatin is still present. 
Together, these results suggest that the αPS3 subunit determines the apical 
localization and function of the heterodimer, and basal localization of βPS has an 
inhibitory effect on engulfment. Consistent with this, loss of αPS3 was associated with 
normal levels of βPS within healthy egg chambers, but βPS did not become apically 
enriched in dying egg chambers (Figure 3.3). In addition, βPSdsRNA –expressing egg 
chambers had no detectable αPS3 or βPS in the follicle cells (Figure 3.3), suggesting that 
αPS3 expression is dependent on βPS. Because of the importance of αPS3 in directing the 
localization and function of the heterodimer, we screened candidate genes that might 
regulate αPS3 localization. 
 
3.5 Maintenance of a polarized epithelium is required for engulfment 
 Given the apical enrichment of integrins during engulfment, we hypothesized that 
cell polarity would be essential for proper engulfment by the follicle cells. aPKC and 
Crumbs are two factors that determine the apical domain of the FCs (Morais-de-Sa et al., 
2010). Surprisingly, we found that both aPKC and Crumbs were maintained, but did not 
increase on the apical surface of the FCs during engulfment (Figure 3.16A-H), suggesting 
that FC apical polarization is needed. 
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To determine if FC polarity was required for the engulfment of germline material, 
we performed FC-specific knockdowns of several apical factors that regulate cell 
polarity: aPKC, baz, par-6, and crb. Again, we used GR1-GAL4, so that proper polarity 
would be established in the follicular epithelium in early oogenesis, and polarity would 
only be disrupted beginning in mid-oogenesis. When each knockdown line was well-fed, 
flies produced healthy stage 10 egg chambers with normal yolk deposition showing that 
oogenesis was not grossly affected.  
In degenerating egg chambers, however, pronounced engulfment defects were 
observed in knockdowns of all of these apical factors (aPKC, baz, par-6, and crb). First, 
we analyzed the egg chambers expressing aPKCdsRNA and crbdsRNA using available 
antibodies and both resulted in strong but incomplete knockdowns (Figure 3.16). Healthy 
egg chambers knocking down any one of the apical factors looked normal (Figure 
3.17D,G,J), except par-6dsRNA-expressing egg chambers had premature migration of some 
anterior FCs, resulting in a double layer at the posterior end of the egg chambers (Figure 
3.17J). Phase 3 dying egg chambers expressing aPKCdsRNA, bazdsRNA, par-6dsRNA or 
crbdsRNA lines showed defective FC enlargement and reduced Dcp-1-positive vesicle 
uptake (Figure 3.17E,H,K,N, Figure 3.18A-B). All late dying (phase 5) egg chambers 
from each knockdown line showed a loss of FCs and large amounts of germline material 
remaining (Figure 3.17F,I,L,O). This indicates that all of the apical factors (aPKC, baz, 
par-6, or crb) are required for germline engulfment.  
We also knocked down the two molecular motors that maintain cell polarity, 
Dynein and Kinesin. Absence of the Dynein heavy chain, Dhc64C, led to engulfment 
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defects, but only after phase 3 (Figure 3.17P-R, Figure 3.18A-B). Dhc64CdsRNA-
expressing phase 5 egg chambers showed a loss in FCs, resulting in a large amount of 
lingering germline material (Figure 3.17R). Interestingly, the Kinesin heavy chain (Khc) 
knockdown did not show engulfment defects and had phase 5 egg chambers with proper 
FC enlargement and clearance of germline material. Within the follicle cells, Dynein 
transports material along the microtubules towards the apical membrane and Kinesin 
transports material toward the basal membrane (Horne-Badovinac and Bilder, 2008). This 
suggests that apical molecular transport is essential for engulfment.  
Again, we quantified the number of healthy and pyknotic FCs in all cell polarity 
mutants and found that engulfment defects were seen before FC death (Figure 3.19). We 
also found that the NC nuclei did not degrade completely in the strongest of the 
engulfment defective mutants (aPKC and crb, Figure 3.20). 
 
3.6 Cell polarization directs integrin trafficking during engulfment 
Since FC polarization was required for engulfment, we screened the cell polarity 
knockdown lines to see if they affected the apical enrichment of αPS3 and βPS compared 
to controls (Figure 3.21A-C). We found that when apical complex cell polarity genes 
were disrupted, βPS expression was normal in healthy egg chambers (Figure 
3.21D,G,J,M). However, although αPS3/βPS increased during engulfment, neither 
localized asymmetrically on the apical surface of the FCs (Figure 3.21E-E’,H-H’,K-
K’,N-N’). Instead, αPS3/βPS had a variable and uneven localization to multiple surfaces 
and throughout the cytoplasm (Figure 3.22A-C).  
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When molecular transport was disrupted with the knockdown of Dhc64C, 
αPS3/βPS were also mis-localized in the dying egg chambers (Figure 3.21Q-R). This 
indicates that FC polarization promotes the asymmetric enrichment of the αPS3/βPS 
integrin heterodimer during engulfment. Without proper polarity, αPS3/βPS becomes 
mis-localized to all surfaces of the cell, suggesting that polarization sets up the 
directionality of integrin transport. Within these egg chambers, when αPS3 was basally 
localized, the FCs often did not enlarge or engulf, suggesting that basal localization of 
αPS3 can inhibit engulfment. This can be seen in egg chambers that had variable αPS3 
localization in FCs that are side by side. Only the FCs with normal apical enrichment 
enlarged (Figure 3.21 zooms). This indicates that cell polarization may be necessary for 
establishing the direction for integrin trafficking during engulfment.  
 
3.7 Some migration machinery is required for engulfment by non-professional 
phagocytes  
Cell polarization is often required for integrin localization in migratory cells 
(Thapa and Anderson, 2012, Thapa et al., 2012). Interestingly, migration in border cells 
and during dorsal closure requires much of the engulfment machinery (Dinkins et al., 
2008, Brock et al., 2012, Ellis et al., 2013), suggesting common molecular processes are 
shared between migration and engulfment. We found it striking that the same α subunit is 
used for both engulfment and migration in Drosophila and in mammals (Dinkins et al., 
2008, Shiratsuchi et al., 2012, Nonaka et al., 2013, Law et al., 2015, Tsirmoula et al., 
2015). Thus, given the connection between migration and engulfment genes, we screened 
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against migration genes that are also required for engulfment. We found that several 
genes associated with microtubule transport and Golgi vesicle formation were required 
for engulfment: Syntaxin 5, short stop, and Clasp (Figure 3.23D-L). While healthy egg 
chambers were normal (Figure 3.23D,G,J), loss of Syntaxin 5, short stop, or Clasp, 
resulted defects in vesicle uptake (Figure 3.23E,H,K) and ultimately resulted in 
engulfment-defective egg chambers (Figure 3.23F,I,L). Genes often required for integrin 
signaling, talin and Pinch, were also required for engulfment. While healthy egg 
chambers were normal (Figure 3.23M,P), loss of either talin or Pinch also resulted 
defects in vesicle uptake (Figure 3.23N,Q) and ultimately resulted in engulfment-
defective egg chambers (Figure 3.23O,R).  
Loss of Syntaxin 5 and talin had the strongest and least variable defects in 
engulfment, so we analyzed their phenotypes further. Both Syntaxin 5 and talin 
knockdowns had strong defects in terms of unengulfed germline and number of vesicles 
engulfed (Fig. 3.24A-B). In particular, the loss of talin was extremely strong and resulted 
in almost no vesicle uptake (Fig. 3.24B). We also quantified the average number of 
healthy and pyknotic FCs and found that neither resulted in a decrease in healthy FCs or 
an increase in pyknotic FCs until after engulfment defects were evident (Figure 3.25). 
Again, we found that the strongest engulfment defective mutants had defects in NC 
nuclear degradation (Figure 3.26), suggesting that engulfment by the FCs may be 
required for the signal for final NC degradation. 
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3.8 Migrating and engulfing cells utilize much of the same integrin trafficking 
machinery 
Given the link between cell polarity and integrins in migratory cells, and the fact 
that αPS3 is required in migratory and engulfing cells, we next screened for integrin 
enrichment defects in knockdowns of several genes that are associated with migration 
and/or integrin signaling. Loss of genes associated with microtubule transport and Golgi 
vesicle formation did not disrupt βPS expression in healthy egg chambers (Figure 
3.27D,G,J) and had some initial enrichment of αPS3 during engulfment. As engulfment 
proceeded, however, αPS3 did not apically enrich to control levels (Figure 3.27B-B’,E-
E’,H-H’,K-K’). Surprisingly, we also found that talin and Pinch, genes associated with 
integrin activation and downstream signaling (Honda et al., 2013), were required for 
integrin enrichment (Figure 3.27M-R). Loss of talin resulted in increased basolateral βPS 
expression in healthy egg chambers (Figure 3.27M) and a lack of αPS3 enrichment on 
any surface in dying egg chambers (Figure 3.27N-N’). Loss of Pinch resulted in normal 
integrin expression in healthy egg chambers (Figure 3.27P) and some initial αPS3 
enrichment, but no further enrichment as engulfment progressed (Figure 3.27Q-Q’). 
In particular, the losses of Syntaxin 5 and talin were extremely strong and resulted in little 
to no apical αPS3 enrichment (Figure 3.28A-C). In contrast to the polarity knockdown 
lines, neither Syntaxin 5 nor talin knockdowns showed mis-localization of αPS3, but they 
failed to show apical enrichment (Figure 3.28A-C). Several other genes we tested had 
engulfment defects but no effect on integrin enrichment, including Grasp, Pkd1, and 
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Arf6; most of these are required for integrin endocytosis in other systems, suggesting that 
endocytosis does not affect integrin enrichment in FCs. 
 
3.9 Talin is apically enriched throughout engulfment and not disrupted in integrin 
over-expression mutants 
 The loss of talin resulted in such strong defects in terms of vesicle uptake and 
integrin enrichment, we sought to investigate how Talin is required during engulfment: 
activation, trafficking, or signaling. We found that Talin is apically enriched in the FCs of 
healthy egg chambers and is maintained throughout engulfment (Figure 3.29A-A’). 
Surprisingly, we found that Talin was enriched normally in UAS-βPS over-expressing 
egg chambers (Figure 3.29B-B’). Together, this suggests that Talin is already present on 
the apical surface of the follicle cells when integrins become enriched. Moreover, 
maintenance of Talin apical localization is not dependent on or responsive to the presence 
of integrin heterodimers localized elsewhere. This suggests that Talin is not required for 
the trafficking of newly synthesized heterodimers, but rather, integrin activation by Talin 
may be required for further apical enrichment of αPS3/βPS. 
 
3.10 Discussion and model 
 Here we have investigated integrin function and regulation within engulfing cells. 
We have shown here that a specific α subunit is essential for directing the apical 
localization and function of the integrin heterodimer during engulfment in non-
professional phagocytes. We found that αPS3/βPS becomes specifically enriched on the 
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apical surface during engulfment, which suggests that there may be similarities between 
epithelial FCs and other polarized epithelial cells which function as phagocytes. αPS3 
and βPS are also required for engulfment in the FCs, which suggests that, like in 
mammals, the same α subunit functions in engulfment in both professional and non-
professional phagocytes and can pair with multiple β subunits to do so. The loss of cell 
polarity genes in the FCs resulted in engulfment defects and integrin enrichment defects, 
suggesting that polarization of the cell is required for integrin trafficking in engulfing 
cells. Cell polarity and integrin trafficking have been linked specifically at the leading 
edge in migratory cells, and we found here that other genes associated with migration, 
Golgi orientation, microtubule stabilization, and integrin activation are also required for 
apical αPS3/βPS trafficking and engulfment. To our knowledge, we provide the first 
evidence that βPS, aPKC, baz, par-6, crb, Dhc64C, Syntaxin 5, Clasp, and Pinch are 
required for engulfment. 
We propose the following model (Figure 3.30) for integrin trafficking in 
engulfing cells: cell polarity proteins polarize the microtubules, Shot and Clasp bind to 
microtubules and each other and traffic αPS3/βPS to the apical surface. Clasp may also 
bind to the Golgi and reorient it (Long et al., 2013) so that newly synthesized αPS3/βPS 
is shuttled to the apical surface. Once at the surface, the integrin heterodimer signals 
through Talin and Pinch, which are required to promote increased αPS3/βPS on the apical 
surface (Figure 3.30). Both Talin and Pinch may be required for downstream integrin 
signaling and/or for stabilization at the apical surface.   
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We found it striking that the same α subunit is required for both migration and 
engulfment: αPS3 in Drosophila and αν in mammals (Dinkins et al., 2008, Shiratsuchi et 
al., 2012, Nonaka et al., 2013, Law et al., 2015, Tsirmoula et al., 2015). So how are 
migration and engulfment tied together? Are the mechanisms shared in all migrating and 
engulfing cells, or only those cells that are already equipped to handle both processes? 
Epithelial cells are capable of either migration or engulfing when appropriate. Integrins 
are known for their role in adherence, migration, and cancer cell invasion and regulation 
of their trafficking and function may play a crucial role in regulating cellular function. It 
is already known that turnover and regulation of integrin heterodimers determines the 
speed and direction of a migrating cell, and that if they are not properly regulated, 
integrins may contribute to cancer cell invasion (Morse et al., 2014). Migration genes are 
required for engulfment in professional phagocytes that migrate to the site of the dead 
cell, but given that follicle cells don’t need to migrate as they are already adjacent to the 
dying germline, our results suggest that the migration machinery may be integral to the 
engulfment process itself.   
Several types of epithelial cells are crucial for engulfment on a daily basis in 
organs such as the retina and bronchial tubes. Without proper clearance in these, and 
other, organs, debilitating conditions may develop. However, not much is known about 
how epithelial cells undergo the molecular changes necessary for engulfment. Thus far, 
we have identified two engulfment receptors, Draper and αPS3/βPS, and the downstream 
signaling components of the JNK pathway, as required for engulfment by the follicle 
cells. In addition, we have shown that integrins become induced specifically on the apical 
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surface of the follicle cells, and we identified several genes required for integrin 
trafficking, suggesting that the ovary also provides a valuable model for studying integrin 
trafficking and function within a polarized epithelium. Our findings show that the 
Drosophila ovary serves as an excellent model for studying the pathways governing 
engulfment within epithelial cells.   
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Table 3.1 Lines screened in this chapter. 
Defect seen in mid-oogenesis Color/asterisk code 
Severe *** 
Moderate ** 
Mild/variable * 
None - 
 
Type Gene Stock # Allele Defects Other 
Knockdown 
scb# 27545 JF02696 *** - 
mys# 33642 HMS00043 *** - 
crb# 27697 JF02777 *** - 
Notch 33616 HMS00009 *** - 
Notch 33611 HMS00001 *** - 
Notch 28981 JF01637 *** - 
Talin# 28950 HM05161 *** - 
Talin 32999 HMS00799 *** - 
Syntaxin 5# 29397 JF03330 *** - 
aPKC# 35001 HMS01411 *** - 
par-1 32410 HMS00405 *** Excessive death 
Ecdysone 
Receptor 
50712 HMC03114 *** - 
WASp 25955 JF01975 *** - 
dMekk1 28587 HM05075 *** - 
armadillo 31305 JF01252 *** - 
Rac1 28985 JF02813 *** 
Membrane 
separation 
scb 38959 HMS01873 ** - 
Pinch# 31536 JF01096 ** - 
Short stop# 28336 JF02971 ** - 
Clasp# 34669 HMS01146 ** - 
Numb 35045 HMS01459 ** Small adult size 
RhoGAPP190 31070 JF01520 ** - 
aPKC 25946 JF01966 ** - 
aPKC 38245 HMS01689 ** - 
baz# 35002 HMS01412 ** - 
Baz 31523 JF01079 ** - 
par-6# 38361 HMS01829 ** - 
Dhc64C# 36698 HMS01587 ** - 
Dhc64C 28749 JF03177 ** - 
Jra (jun) 31595 JF01184 ** - 
fmr1 27484 JF02634 ** - 
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pvr 37520 HMS01662 * n.d. 
αPS4 v37172 GD20017 * - 
crb 34999 HSM01409 * - 
crb 38373 HMS01842 * - 
Pinch 31537 JF01097 * - 
Arf6 27261 JF02549 * - 
Arf6 51417 GLC01795 * - 
Wing blister 29559 JF03238 * - 
Grasp 34082 HMS01093 * - 
Fasciclin 2 34084 HMS01098 * - 
Clathrin heavy 
chain 
27530 JF02681 * - 
par-6 35000 HMS01410 * - 
Arp14D 27705 JF02813 * - 
pk92b (DASK1) 32464 HMS00464 * 
Undead egg 
chambers 
fmr1 27484 JF02634 * - 
Dpp 33767 JF02794 * 
Mainly anterior 
defects 
Mig-2-like/mtl 28622 JF03037 * - 
Innexin2 29306 JF02446 - Excessive death 
mew 27543 JF02694 - - 
mew v44890 GD1230 - - 
if 27544 JF02695 - - 
if v44885 GD1175 - Curved pupae 
if v100770 KK108544 - - 
αPS4 28545 HM05031 - - 
αPS5 v6647 GD2181 - - 
αPS5 v100120 KK103807 - - 
αPS5 v6646 GD2181 - - 
mys 27735 JF02819 - - 
βν 28601 HM05089 - - 
βν v40895 GD2503 - - 
Talin 33913 HMS00856 - - 
Fasciclin 2 28990 JF02918 - - 
Clathin heavy 
chain 
34742 HMS01222 - - 
Pkd1 28717 JF03144 - - 
aPKC 34332 HMS01320 - - 
aPKC 35140 GL00007 - - 
baz 31522 JF01078 - - 
par-6 39010 HMS01928 - - 
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Lis-1 28663 JF03078 - - 
Lis-1 35043 HMS01457 - - 
Khc 35770 HMS01519 - - 
Khc 25898 JF01939 - - 
Klc 42597 HMS02429 - - 
Klc 33934 HMS00883 - - 
Over-
expression 
βPS# - - *** - 
mew# - - * - 
αPS3 17655 Scb-B - 
Premature FC 
migration 
αPS3 19830 Scb-A - n.d. 
# Lines analyzed in this chapter. 
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Figure 3.1 αPS3 and βPS become apically enriched during engulfment. 
 
(A-D) Healthy and progressively dying wild-type egg chambers from starved flies are 
labeled with DAPI (cyan), and antibodies against αPS3 (green) and βPS (magenta). (A) 
Nurse cell chromatin in healthy egg chambers is dispersed and the follicle cell nuclei 
surround the germline area. (B) Phase 1 egg chambers have minor chromatin changes 
within the nurse cells. (C) Phase 3 egg chambers are characterized by condensed balls of 
nurse cell chromatin. (D) Phase 5 egg chambers contain few nurse cell nuclear fragments. 
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There is little to no αPS3 (A’) in healthy egg chambers, but low levels of βPS (A’’) on all 
surfaces of the follicle cells. (B) In phase 1 egg chambers, αPS3 (B’) and βPS (B’’) are 
enriched specifically on the apical surface (arrows) of the follicle cells. (C) In phase 3 
egg chambers, αPS3 (C’) and βPS (C’’) increase more on the apical surface (arrows), and 
start increasing on the lateral and basal surfaces as well. (D) In phase 5 egg chambers, 
αPS3 (D’) and βPS (D’’) continue to increase on all surfaces of the follicle cells (apical 
surface noted by arrow). 
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Figure 3.2 Quantification of integrin enrichment during engulfment. 
 
(A-C) Quantification of αPS3 and βPS in the apical and basal regions, and within the 
cytoplasm (see Chapter 2). (A) The amount of αPS3 and βPS in the apical region 
increases significantly in phase 1 egg chambers and continues to increase throughout 
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engulfment. (B) The amount of αPS3 and βPS in the cytoplasm starts to noticeably 
increase in phase 2 and continues increasing throughout engulfment. (C) The amount of 
αPS3 and βPS in the basal region also starts to noticeably increase in phase 2 and 
continues increasing throughout engulfment. All data are mean ± s.e.m. One-way 
ANOVA and Bonferroni-Holm post-hoc tests were performed: *** – P<0.005, ** – 
P<0.01, * – P<0.05. 
  
 83  
Figure 3.3 The knockdowns of αPS3 and βPS are strong and specific. 
 
(A-F) Egg chambers from starved flies stained with DAPI (cyan), anti-αPS3 (green), and 
anti-βPS (magenta). Scale bar is 50 µm. (A-B’) Control (GR1-GAL4/luciferasedsRNA) egg 
chambers show normal integrin enrichment on the follicle cells during engulfment. (C-
D’) Egg chambers expressing αPS3dsRNA have no detectable αPS3 and (D-D’) βPS does 
not become apically enriched during engulfment. (E-F’) Egg chambers expressing 
βPSdsRNA have no detectable αPS3 or βPS.   
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Figure 3.4 Integrin and draper mutants have reduced and delayed vesicle uptake 
during engulfment. 
 
(A-L) Egg chambers from starved flies are labeled with DAPI (cyan), cleaved α-Dcp-1 
(yellow), and α-Dlg (red). (A-C) Control (GR1-GAL4, G00089/TM6B) egg chambers 
show normal death and engulfment. (A) Healthy egg chambers do not label with Dcp-1. 
(B, B’) Phase 3 dying egg chamber shows several Dcp-1-positive vesicles (arrows) inside 
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the follicle cells, indicating engulfment. (C) Phase 5 dying egg chamber shows little 
remaining germline, and few Dcp-1-positive vesicles still inside the follicle cells. (D-F) 
Egg chamber expressing αPS3dsRNA specifically in the follicle cells are normal when 
healthy (D) but have little to no vesicle formation in phase 3 (E, E’, arrow). (F) Loss of 
αPS3 in the follicle cells results in lingering germline material. (G-I) Egg chambers 
expressing βPSdsRNA specifically in the follicle cells is similar to loss of αPS3, with few 
vesicles (H, H’, arrow) and culminating in lingering germline material (I). (J-L) draper-/- 
egg chambers (initially described in Etchegaray, et al., 2012) are normal when healthy (J) 
but have little to no vesicle formation in phase 3 (K,K’). (L) Loss of draper in the follicle 
cells results in lingering germline material. 
  
 86  
Figure 3.5 Quantification of percent unengulfed germline and Dcp-1-positive 
vesicles in integrin and draper mutants. 
 
(A) Quantification of unengulfed germline compared to draper mutants. (B) 
Quantification of the number of Dcp-1-positive vesicles in phases 1-4. All data are mean 
± s.e.m. One-way ANOVA and Bonferroni-Holm post-hoc tests were performed: *** – 
P<0.005, ** – P<0.01, * – P<0.05. 
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Figure 3.6 Integrin mutant clones have defects in follicle cell survival and are 
engulfed by neighboring cells. 
 
(A-C) Control clones stained with αPS3 (red) with clones marked with GFP (green). (A-
A’) Healthy egg chambers show three different sets of clones. (B-B’) Mid-dying egg 
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chambers show the same number of clones and normal αPS3 enrichment. (C-C’) Late-
dying egg chambers show equal numbers of clones and wild-type tissue. Both types of 
cells are also seen engulfing equally. (D-F) αPS3 RNAi clones stained with αPS3 (red) 
with mutant clones marked with GFP (green). (D-D’) Healthy egg chambers show one 
patch of mutant cells. (E-E’) Mid-dying egg chambers show very few mutant cells, which 
do not have αPS3 enrichment. (F-F’) Late-dying egg chambers show even less mutant 
cells, some of which are being engulfed by neighboring wild-type cells (arrow). 
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Figure 3.7 Comparison of healthy and pyknotic follicle cells in integrin mutants. 
 
(A) Quantification of the average number of healthy follicle cells in control and integrin 
knockdown mutants. (RNAi stock numbers (Table 2.1) are in parentheses.) (B) 
Quantification of the average number of pyknotic follicle cells in control and integrin 
knockdown mutants. All data are mean ± s.e.m.  
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Figure 3.8 Quantification of nurse cell degradation. 
 
Averages of the three largest nurse cell nuclei diameter in control and integrin mutants (in 
microns). All data are mean ± s.e.m. 
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Figure 3.9 Enrichment of integrins and Draper and activation of the JNK pathway 
occur independently of each other. 
 
(A-D) Egg chambers from starved flies stained with DAPI (cyan), anti-αPS3 (green), and 
anti-βPS (magenta). (A-B’) Wild-type (w1118) egg chambers show normal integrin 
enrichment on the follicle cells during engulfment. (C-D’) draper-/- egg chambers show 
normal integrin enrichment, but defective engulfment. (E-H) Egg chambers from starved 
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flies stained with DAPI (cyan) and α-Draper (red). (E-F) Sibling control egg chambers 
show Draper enrichment on the follicle cells during engulfment. (G-H) Egg chambers 
expressing αPS3dsRNA have normal enrichment of Draper on the follicle cells. (I-L) Egg 
chambers from starved flies carrying a lacZ enhancer trap in puckered stained with DAPI 
(cyan) and anti-β-Gal. (I-J) GR1GAL4 puclacZ/TM3 egg chambers show an increase in 
puclacZ expression during engulfment. (K-L) Egg chambers expressing αPS3dsRNA show 
an increase in puclacZ expression during engulfment. Scale bar is 50 µm. 
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Figure 3.10 Follicle cell specific expression of αPS3 shows a robust increase in αPS3 
levels in whole ovaries.  
 
(A-B) Western blots of whole ovaries immunoblotted for αPS3 and lamin Dm0. (A) 
Starved tissue show a robust 3-fold increase in αPS3 protein levels in GR1-GAL4/UAS-
αPS3 egg chambers and a slight increase in GR1-GAL4/UAS-βPS egg chambers. (C) 
Conditioned tissue still shows a robust 2.5-fold increase in αPS3 protein levels in GR1-
GAL4/UAS-αPS3 egg chambers and a decrease in GR1-GAL4/UAS-βPS egg chambers. 
Numbers under each sample represent the quantifications: intensity of the experimental 
band (αPS3) divided by intensity of the control band (Lamin). 
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Figure 3.11 Overexpression of αPS3 and βPS suggests that αPS3 is required for the 
localization and function of the heterodimer.  
 
(A-P) Egg chambers from starved flies stained with DAPI (cyan), anti-αPS3 (green), and 
anti-βPS (magenta). (A-C) Sibling control (UAS-αPS3/TM6B) egg chambers show 
normal cell death, engulfment and integrin enrichment. (D-F) Egg chambers expressing 
UAS-αPS3 show normal engulfment. (D) Healthy egg chambers have premature αPS3 
(D’) and βPS on the apical surface. (E-E’) Phase 3 dying egg chambers have αPS3 and 
βPS on the apical surface and premature migration of anterior follicle cells (arrow). (F) 
UAS-αPS3 phase 5 egg chambers successfully engulf the posterior germline (arrow). (G-
I) Sibling control (UAS-βPS/+; +/TM6B) egg chambers show normal cell death, 
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engulfment and integrin enrichment. (J-L) Egg chambers expressing UAS-βPS are 
engulfment-defective. (J) Healthy egg chambers show enrichment of βPS on the basal 
surface of the follicle cells. (K-K’) Phase 3 egg chambers show minimal enlargement and 
engulfment. (L) UAS-βPS results in engulfment-defective egg chambers.  
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Figure 3.12 Quantification of integrin enrichment in flies over-expressing αPS3 and 
βPS.  
 
(A-C) Quantification of αPS3 and βPS in the apical and basal regions, and within the 
cytoplasm. All data are mean ± s.e.m. One-way ANOVA and Bonferroni-Holm post-hoc 
tests were performed: *** – P<0.005, ** – P<0.01, * – P<0.05.  
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Figure 3.13 Quantification of percentage unengulfed germline for overexpression of 
αPS3 and βPS. 
 
(A) Quantification of unengulfed germline. (B) Quantification of the number of Dcp-1-
positive vesicles in phases 1-4. All data are mean ± s.e.m. One-way ANOVA and 
Bonferroni-Holm post-hoc tests were performed: *** – P<0.005, ** – P<0.01, * – 
P<0.05. 
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Figure 3.14 Quantification of healthy and pyknotic follicle cells in integrin 
overexpression flies. 
 
(A) Quantification of the average number of healthy follicle cells in control and integrin 
knockdown mutants. (B) Quantification of the average number of pyknotic follicle cells 
in control and integrin knockdown mutants. All data are mean ± s.e.m. 
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Figure 3.15 Quantification of nurse cell nuclear degradation in integrin 
overexpression flies. 
 
Averages of the three largest nurse cell nuclei diameter in control and integrin mutants (in 
microns). All data are mean ± s.e.m. 
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Figure 3.16 aPKC and Crb are maintained on the apical surface of the follicle cells 
during engulfment and are successfully knocked down by RNAi. 
 
(A-D) Egg chambers from starved flies stained with DAPI (cyan), α-aPKC (yellow), and 
α-Dlg (red). (A-B) Control (Gal80/+; GR1-GAL4/eGFPdsRNA) egg chambers show aPKC 
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is maintained on the apical surface of the follicle cells during engulfment. (C-D) Egg 
chambers expressing aPKCdsRNA in the follicle cells shows a reduction in aPKC staining. 
(E-H) Egg chambers from starved flies stained with DAPI (cyan) and α-Crb (yellow). (E-
F) Sibling control (Gal80/+; crbdsRNA/TM6B) egg chambers show Crumbs present on the 
apical surface of the follicle cells and within the oocyte. (G-H) Egg chambers expressing 
crbdsRNA in the follicle cells shows a complete loss in Crb staining, only in the follicle 
cells. 
 
Credit: Images A-D by Sarah Kleinsorge.  
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Figure 3.17 Cell polarity factors are required for proper engulfment. 
 
(A-O) Egg chambers from starved flies stained with DAPI (cyan), α-Dcp-1 (yellow), and 
α-Drpr (red). (A-C) Healthy, phase 3 and phase 5 control (tub-Gal80/+; GR1-
GAL4/UAS-eGFPdsRNA) egg chambers show FC enlargement and Dcp-1-positive vesicle 
uptake (arrows). (D-F) aPKCdsRNA healthy egg chambers often have stretches of follicle 
cells missing, but are otherwise normal (D). Phase 3 egg chambers expressing aPKCdsRNA 
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engulf little to no vesicles (E-E’, arrow). Loss of aPKC results in lingering germline. (G-
I) BazdsRNA egg chambers look very similar to aPKCdsRNA egg chambers. Healthy egg 
chambers look normal (G), but few vesicles are taken up in phase 3 egg chambers (H-H’, 
arrow) and culminated in lingering germline (I). (J-L) par-6dsRNA healthy egg chambers 
have a double layer of follicle cells, due to premature migration (J). Phase 3 egg 
chambers have high numbers of vesicle uptake in some cells (arrows) and no uptake in 
others (K-K’). Loss of par-6 results in lingering germline (L). (M-O) crbdsRNA healthy egg 
chambers look normal (M). crbdsRNA phase 3 egg chambers take up little to no vesicles 
(N-N’, arrow) and terminate with lingering germline (O). (P-R) Dhc64CdsRNA healthy egg 
chambers look normal (P) and take up vesicles in phase 3 (Q-Q’, arrows), but show 
defects after phase 3 and terminate with lingering germline (R). 
 
Credit: Images taken by Sarah Kleinsorge.  
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Figure 3.18 Quantification of percentage unengulfed germline and Dcp-1-positive 
vesicles in cell polarity knockdowns. 
 
(A) Quantification of unengulfed germline in control, aPKCdsRNA, and crbdsRNA egg 
chambers. (B) Quantification of the number of Dcp-1-positive vesicles in phases 1-4. All 
data are mean ± s.e.m. One-way ANOVA and Bonferroni-Holm post-hoc tests were 
performed: *** – P<0.005, ** – P<0.01, * – P<0.05. 
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Figure 3.19 Quantification of pyknotic follicle cells in cell polarity knockdowns. 
 
(A) Quantification of the average number of healthy follicle cells in control and cell 
polarity knockdown mutants. (B) Quantification of the average number of pyknotic 
follicle cells in control and apical complex mutants. All data are mean ± s.e.m. 
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Figure 3.20 Quantification of nurse cell nuclear degradation in cell polarity 
knockdowns. 
 
Averages of the three largest nurse cell nuclei diameter in control and cell polarity 
knockdown mutants (in microns). All data are mean ± s.e.m. 
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Figure 3.21 Cell polarization directs integrin trafficking within engulfing cells. 
 
(A-R) Egg chambers from starved flies stained with DAPI (cyan), anti-αPS3 (green), and 
anti-βPS (magenta). Zooms show αPS3 only. (A-C) Control (Gal80/+; GR1-
GAL4/eGFPdsRNA) egg chambers show normal engulfment and integrin enrichment. (D-
M) Loss of any one of the apical complex genes (aPKC, baz, par-6, crb) results in 
variable αPS3 enrichment. αPS3 becomes enriched on the apical and basal surfaces and 
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within the cytoplasm. Often, when αPS3 is basally enriched, the follicle cells did not 
enlarge or engulf. Loss of any of these genes resulted in lingering germline and 
prematurely dying follicle cells. (P-R) Loss of the molecular motor complex Dhc64C 
results in variable αPS3 enrichment as well. When αPS3 was not apically enriched, or 
was basally enriched, the follicle cells did not enlarge or engulf. Loss of Dhc64C resulted 
in lingering germline and prematurely dying follicle cells. 
 
Credit: Sarah Kleinsorge.  
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Figure 3.22 Quantification of integrin enrichment in cell polarity knockdowns. 
 
(A-C) Quantification of αPS3 and βPS in the apical and basal regions, and within the 
cytoplasm. All data are mean ± s.e.m. One-way ANOVA and Bonferroni-Holm post-hoc 
tests were performed: *** – P<0.005, ** – P<0.01, * – P<0.05. 
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Figure 3.23 Loss of trafficking and integrin activation genes results in engulfment 
defects. 
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(A-L,P-R) Egg chambers from starved flies stained with DAPI (cyan), α-Dcp-1 (yellow), 
and α-Discs large (red). (M-O) Egg chambers from starved flies stained with DAPI 
(cyan), α-Dcp-1 (yellow), and anti-βPS (red). Arrows in Dcp-1 only images indicate 
engulfed vesicles (B’,E’,H’,K’,Q’). (A-C) Control (GR1-GAL4/luciferasedsRNA) egg 
chambers show normal engulfment and Dcp-1 uptake. (D-F) Loss of Syntaxin 5 in the 
follicle cells results in little to no vesicle uptake (E-E’) and results in lingering germline 
(F). (G-L) Loss of short stop and Clasp have weaker effects, but still have less vesicle 
uptake (H-H’,K-K’) and still often culminate with lingering germline material (I,L). (M-
O) Loss of talin results in strong defects in engulfment, with few to no vesicles taken up 
(N-N’) and culminates with lingering germline (O). (P-R) Loss of Pinch has variable 
defects, but often has decreased uptake (Q-Q’) and often culminates with lingering 
germline (R).  
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Figure 3.24 Quantification of engulfment and Dcp-1-positive vesicle uptake in 
Syntaxin 5 and talin knockdowns. 
 
(A) Quantification of unengulfed germline in control, Syntaxin 5dsRNA, and talindsRNA egg 
chambers. (B) Quantification of the number of Dcp-1-positive vesicles in phases 1-4. All 
data are mean ± s.e.m. One-way ANOVA and Bonferroni-Holm post-hoc tests were 
performed: *** – P<0.005, ** – P<0.01, * – P<0.05. 
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Figure 3.25 Quantification of pyknotic follicle cells in in Syntaxin 5 and talin 
knockdowns. 
 
(A) Quantification of the average number of healthy follicle cells in control and 
trafficking knockdown mutants. (B) Quantification of the average number of pyknotic 
follicle cells in control and apical complex mutants. All data are mean ± s.e.m. 
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Figure 3.26 Quantification of nurse cell nuclear degradation in in Syntaxin 5 and 
talin knockdowns. 
 
Averages of the three largest nurse cell nuclei diameter in control and cell polarity 
knockdown mutants (in microns). All data are mean ± s.e.m. 
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Figure 3.27 Loss of trafficking and integrin signaling genes results in integrin 
enrichment defects. 
 
(A-R) Egg chambers from starved flies stained with DAPI (cyan), anti-αPS3 (green), and 
anti-βPS (magenta). 4X zooms show αPS3 channel. (A-C) Control (GR1-GAL4/UAS-
luciferasedsRNA) egg chambers show normal engulfment and integrin enrichment. (D-F) 
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Egg chambers expressing Syntaxin 5dsRNA in the follicle cells are engulfment-defective. 
(D) Healthy egg chambers have normal βPS localization. (E-E’) Phase 3 egg chambers 
show minimal apical enrichment of αPS3 and βPS. (F) Pyknotic nuclei suggest FC death 
in phase 5. (G-I) Egg chambers expressing short stopdsRNA in the follicle cells are 
engulfment-defective. (G) Healthy egg chambers show normal βPS localization. (H-H’) 
Phase 3 egg chambers show minimal apical enrichment of αPS3 and βPS. (J-L) Egg 
chambers expressing ClaspdsRNA (also known as chb) in the follicle cells are engulfment-
defective. (J) Healthy egg chambers show normal integrin expression and initially have 
normal enrichment of αPS3 to the apical surface. (K-K’) However, egg chambers 
expressing ClaspdsRNA did not enrich αPS3 on the apical surface as engulfment proceeded. 
(M-O) Egg chambers expressing talindsRNA in the follicle cells are engulfment-defective. 
(M) Healthy egg chambers often have more basally localized βPS (inset). (N-N’) Phase 3 
egg chambers show no αPS3 enrichment and mislocalization of βPS. (P-R) Egg chambers 
expressing PinchdsRNA (also known as steamer duck) in the follicle cells are engulfment-
defective. (P) Healthy egg chambers have normal βPS localization. (Q-Q’) Phase 3 egg 
chambers have minimal apical enrichment but mislocalization of βPS. 
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Figure 3.28 Quantification of integrin enrichment defects in in Syntaxin 5 and talin 
knockdowns. 
 
(A-C) Quantification of αPS3 and βPS in the apical and basal regions, and within the 
cytoplasm. All data are mean ± s.e.m. One-way ANOVA and Bonferroni-Holm post-hoc 
tests were performed: *** – P<0.005, ** – P<0.01, * – P<0.05. 
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Figure 3.29 Talin is apically enriched during engulfment and is not disrupted by 
manipulating integrin expression levels. 
 
(A-B’) Phase 3 egg chambers from starved flies stained with DAPI (cyan) and Talin 
(red). (A-A’) Sibling control (UAS-βPS/+; +/TM6B) egg chambers show enrichment of 
Talin at the apical surface of the follicle cells. (B-B’) UAS-βPS egg chambers show 
normal enrichment of Talin at the apical surface of the follicle cells. 
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Figure 3.30 Model of integrin trafficking during engulfment. 
 
Our results suggest that cell polarity proteins polarize the microtubules, Shot and Clasp 
bind to microtubules and shuttle αPS3/βPS to the apical surface. Clasp may also bind to 
the Golgi and reorient it so that newly synthesized αPS3/βPS is shuttled to the apical 
surface. Once at the surface, the integrin heterodimer may signal through Talin and 
Pinch. 
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CHAPTER FOUR  
Components of the engulfment machinery have distinct roles in corpse processing  
 
4.1 Introduction 
 Engulfment by epithelial cells is essential for the health and maintenance of 
several organs including the retina, lungs, and kidney (Nandrot and Finnemann, 2008; 
Patel et al., 2010; Juncadella et al., 2013; Penberthy et al., 2014). Improper clearance can 
result in or exacerbate serious conditions such as retinitis pigmentosa, age-related 
macular degeneration, and asthma (Juncadella et al., 2013; Nandrot, 2014; Penberthy et 
al., 2014). Despite the importance of epithelial cells in engulfment, the molecular changes 
within these cells that occur during engulfment are only now beginning to be elucidated. 
Much of the recent progress has identified the core proteins that are required for 
engulfment in different cell types and across species. 
Several proteins required for engulfment have been identified and investigated in 
C. elegans, Drosophila, and mammals. Two well-known engulfment receptors are 
integrins and Draper/Ced-1. In C. elegans, these receptors act in two partially parallel 
pathways: Ced-1 working with Ced-6 and Ced-7 and integrins working upstream of Ced-
2/5/12 (Hsieh et al., 2012; Neukomm et al., 2014), both of which can activate the small 
GTPase Rac1 (Kinchen et al., 2005). In Drosophila, Rac1 is activated by Ced-5/Ced-12, 
but it is not known what acts upstream of Ced-5/Ced-12 (Ziegenfuss et al., 2012; Lu et 
al., 2014). In Drosophila hemocytes, integrins have recently been shown to be required 
for engulfment (Nagaosa et al., 2011; Shiratsuchi et al., 2012; Nonaka et al., 2013; 
Meehan et al., 2015a) and Draper has been shown to work in parallel to integrins in these 
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cells (Shiratsuchi et al., 2012). Ced-12 has been shown to activate Rac1 in conjunction 
with another GEF, DRK/DOS/SOS, both acting downstream of Draper in phagocytic glia 
(Lu et al., 2014). Conversely, in Drosophila hemocytes, Draper and Ced-12 were found 
to act in parallel pathways (Van Goethem et al., 2012), suggesting that the engulfment 
pathways may differ between cell types. In mammals, the activation of Rac1 by the Ced-
12 ortholog Dock180/ELMO1 has been studied extensively, although the 
Dock180/ELMO1 complex is usually activated by another engulfment receptor, Bai1 
(Das et al., 2011; Fond et al., 2015). Although Bai1 orthologs have not been reported in 
Drosophila, other conserved engulfment receptors include the CD36 family members Crq 
and Debris buster (Franc et al., 1996; Franc, 1999; Philips et al., 2005; Han et al., 2014). 
Determining the specific roles of these proteins during engulfment is an active area of 
investigation. 
Once the engulfed material has been internalized, it is degraded through the 
corpse processing pathway. The corpse processing pathway has been well-characterized 
in C. elegans and mammals, indicating that the machinery is conserved across species. In 
C. elegans, phagocytic cup formation is dependent on the receptor Ced-1 and large 
GTPase Dynamin (Yu et al., 2006; Kinchen et al., 2008). The nascent phagosomes fuse 
to early and late endosomes for phagosome maturation, using the small GTPases Rab5 
and Rab7, respectively (Vieira et al., 2003; Kinchen et al., 2008). The late endosomes 
then fuse to lysosomes, mixing their contents together and degrading the engulfed 
material (Lukacs et al., 1990; Huynh et al., 2007; Nakae et al., 2010; Sasaki et al., 2013).  
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These events are conserved in mammals, although there are a large number of receptors 
in addition to Ced-1 homologues.  
The studies on phagosome maturation have largely been focused around the 
function of Rab GTPases. However, recent work has also uncovered a role for specific 
lipid composition changes on the phagosome surface. Phosphatidylinositol 3-phosphate 
(PI(3)P) serves as a signaling molecule for several different cellular processes including 
phagosome maturation in mammals and C. elegans (Vieira et al., 2001; Lu et al., 2012). 
Interestingly, in C. elegans, PI has been shown to be phosphorylated and de-
phosphorylated in cyclic waves for proper phagosome maturation, requiring two kinases 
and one phosphatase (Lu et al., 2012). Phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) 
associates with the unsealed phagocytic cup while PI(3)P associates with newly sealed 
phagosomes (Cheng et al., 2015). Lipid composition, specifically the presence of PI(3)P 
or PI(4,5)P2, can serve not only as a signaling molecule but also a localization cue for 
proteins required for phagosome maturation (Cheng et al., 2015). In Drosophila, 
phagosome maturation has been characterized in hemocytes processing engulfed bacteria 
(Shandala et al., 2013) and epidermal cells processing degraded dendrites (Han et al., 
2014). We have recently demonstrated that phagosome maturation markers can be 
detected during engulfment of dead cells by epithelial follicle cells in the Drosophila 
ovary (Meehan et al., 2015b). Throughout this study, we refer to PI(3)P, Rab5, and Rab7 
as the canonical corpse processing pathway.  
While much is known about the canonical corpse processing machinery, how the 
core engulfment machinery (phagocytic receptors and downstream proteins) interacts 
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with the corpse processing machinery is not as well understood. The phagocytic receptor 
Draper/Ced-1 has been shown to play different roles depending on the cell type. In C. 
elegans and some cell types in Drosophila, Draper/Ced-1 is required for internalization 
and corpse processing (Yu et al., 2008; Lu et al., 2011; Chen et al., 2013; Evans et al., 
2015). However, in hemocytes and epidermal cells of Drosophila, Draper is required 
only for corpse processing (Kurant et al., 2008; Han et al., 2014). Another phagocytic 
receptor, Croquemort, is required for internalization in hemocytes (Franc et al., 1996) and 
corpse processing in epidermal cells of Drosophila (Han et al., 2014). This indicates that 
the engulfment machinery does interface with the corpse processing machinery, and that 
these interactions can differ by cell type. 
Here, we investigate how the engulfment machinery interacts with the corpse 
processing machinery in the epithelial cells of the Drosophila ovary. The Drosophila 
ovary serves as an excellent model for studying cell death and engulfment by epithelial 
cells. The Drosophila ovary is made of chains of progressively developing egg chambers. 
Each mid-stage egg chamber consists of the germline-derived nurse cells and oocyte and 
surrounding epithelial follicle cells. Apoptotic cell death in mid-oogenesis can be induced 
easily by starvation (Giorgi and Deri, 1976; Nezis et al., 2000; Drummond-Barbosa and 
Spradling, 2001; Mazzalupo and Cooley, 2006; Hou et al., 2008; Tanner et al., 2011; 
Etchegaray et al., 2012). When flies are deprived of nutrients, the germline-derived nurse 
cells undergo apoptosis and the surrounding somatically-derived follicle cells enlarge and 
engulf the dying material (Giorgi and Deri, 1976; Etchegaray et al., 2012). We have 
uncovered some of the molecular changes required for epithelial cells to engulf the dying 
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germline (Meehan et al., 2015a). We found that the phagocytic receptor Draper activates 
the JNK pathway, working in a positive feedback loop (Etchegaray et al., 2012). 
Recently, we have found that the integrin heterodimer, αPS3/βPS, is also required for 
engulfment but not JNK activation (Meehan et al., 2015a).  
In this chapter, we show that the epithelial follicle cells utilize the canonical 
corpse processing pathway to degrade the dying germline. We found that Draper is 
present on nascent phagosomes while integrins are not. Moreover, Draper functions in 
both internalization and corpse processing in the follicle cells, while integrins are 
required only for internalization and activation of downstream signaling molecules. 
Surprisingly, we found three distinct categories of mutant phenotypes: those with defects 
in internalization only, those with defects in internalization and phagosome maturation, 
and those with defects in internalization, phagosome maturation, and acidification. We 
also found that combined loss of two phagocytic receptors, draper and αPS3, still 
resulted in a small number of engulfed vesicles, which was not further affected by the 
loss of another phagocytic receptor, Crq. However, we found that Crq may be required to 
promote nurse cell death. This suggests that Draper and integrins are the major 
phagocytic receptors on the follicle cells. Our findings also suggest that several 
engulfment genes may have dual roles for internalization and corpse processing, while 
others are only required for internalization. This work also indicates a possible 
explanation for why an engulfing cell utilizes multiple engulfment receptors. Each 
receptor may have specific, non-overlapping functions that are crucial for successful 
engulfment. 
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4.2 Vesicles engulfed by the follicle cells are processed using the canonical corpse 
processing pathway 
When flies are deprived of protein, the germline cells in some egg chambers in 
mid-oogenesis undergo apoptosis and are subsequently engulfed by the surrounding 
epithelial follicle cells (Giorgi and Deri, 1976; Etchegaray et al., 2012; Sarkissian et al., 
2014; Meehan et al., 2015a). We previously analyzed dying egg chambers based on the 
state of nurse cell chromatin and characterized engulfment into five distinct phases 
(Etchegaray et al., 2012; Meehan et al., 2015a). Throughout this chapter, we show phase 
0 (or healthy), phase 3 (mid-dying), and phase 5 (terminal) egg chambers. The nurse cell 
chromatin in phase 0 (healthy) egg chambers is dispersed (Fig 4.1A), whereas the nurse 
cell chromatin in phase 3 egg chambers is highly condensed (Fig 4.1B). By phase 5, little 
to no lingering nurse cell nuclei remain.   
To visualize phagosome maturation, we used existing transgenic lines expressing 
GFP fusions to Rab5 (Wucherpfennig et al., 2003) and Rab7 (Entchev et al., 2000) in 
conjunction with an antibody raised against cleaved caspase Dcp-1. We have found that 
this antibody against active Dcp-1 marks the dying germline and the subsequent engulfed 
material (Sarkissian et al., 2014; Meehan et al., 2015a; Meehan et al., 2015b). Studies in 
C. elegans and Drosophila have shown that early phagosomes are labeled with Rab5 
whereas late phagosomes are labeled with Rab7 (Kinchen et al., 2008; Han et al., 2014). 
We found that both Rab5 and Rab7-labeled endosomes accumulated near the apical 
surface of the follicle cells in healthy and early dying egg chambers (Fig 4.1A-A’, D-D’). 
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In dying egg chambers, Rab5 and Rab7 were detected surrounding several of the 
engulfed Dcp-1-positive vesicles. As Rab5 and Rab7 are known to label maturing 
phagosomes, this indicates maturation of the Dcp-1-positive phagosomes. Rab5GFP was 
seen as puncta around Dcp-1-positive vesicles (Fig 4.1B-C’), whereas Rab7GFP 
completely surrounded the Dcp-1-positive vesicles (Fig 4.1E-F’). The last step of corpse 
processing is fusion with lysosomes, which can be visualized using LysoTracker, an 
indicator for compartments of high acidification. We found that there were no large 
LysoTracker-positive vesicles in healthy egg chambers (Fig 4.1G-G’), but there were 
several LysoTracker-positive vesicles seen by phase 3 (Fig 4.1H-I’).  Our results are 
consistent with the previous studies performed in C. elegans and Drosophila, indicating 
that the dying germline is internalized and processed using the canonical corpse 
processing pathway. 
 
4.3 Engulfment receptors have distinct expression patterns during corpse processing 
Previously, we showed that Draper is enriched, internalized, and required within 
engulfing follicle cells (Etchegaray et al., 2012). Recently, we also found that loss of 
Draper resulted in a larger number of engulfed vesicles by phase 4 of engulfment than 
loss of integrins (Meehan et al., 2015a). The C. elegans ortholog of Draper, CED-1, has 
previously been shown to be present not only on the phagocytic cup, but also on 
phagosomes within the engulfing cell (Zhou et al., 2001), indicating that CED-1 becomes 
internalized with the engulfed material. The increase in internalized vesicles in the 
Drosophila ovary in draper mutants could be due to an increase in internalization by a 
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Draper-independent mechanism, or because vesicles accumulate over time because of a 
defect in corpse processing. To distinguish between these two possibilities, we first 
investigated the expression patterns of Draper and integrins with respect to the 
phagosome maturation markers phosphatidylinositol 3-phosphate (PI(3)P) and Rab7. We 
obtained transgenic lines expressing mCherry fused to FYVE (Velichkova et al., 2010), 
which targets mCherry to membranes enriched with PI(3)P. PI(3)P has been shown to 
mark vesicles immediately after the phagosome is sealed (Cheng et al., 2015), although it 
is not clear when PI(3)P is removed from the phagosome. We found that not all Rab7-
positive vesicles were positive for PI(3)P (Fig 4.2A’-A’’, white vs. green arrowheads). 
Several vesicles were positive for PI(3)P, Rab7, and Draper (Fig 4.2A’-A’’’). Many of 
the vesicles that were positive for PI(3)P were also positive for Draper, suggesting there 
may be a relationship between lipid changes and Draper presence. Some vesicles, 
however, were Draper-positive and were negative for PI(3)P and Rab7 (Fig 4.2A-A’’, 
green arrowhead). These vesicles may be less mature, and would later become PI(3)P and 
Rab7-positive, or may be endosomes recycling Draper to lysosomes or back to the 
surface. Conversely, αPS3 was only present on the apical surface and did not localize to 
PI(3)P- or Rab7-positive vesicles (Fig 4.2B’-B’’’). These data are consistent with 
previous studies, as we find that PI(3)P co-localized with vesicles near the apical surface, 
suggesting that they have begun to mature. Our data also provide further information 
regarding when PI(3)P is removed from the phagosome. We show here that PI(3)P is 
present on several Rab7-positive vesicles, but not all of them, indicating that PI(3)P may 
be removed before acidification. These results also show that Draper is present on the 
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phagocytic cup and the newly internalized phagosomes, whereas integrins remain on the 
apical surface. This suggests that Draper becomes internalized, as seen previously 
(Etchegaray et al., 2012), and may be required for corpse processing as in other systems 
(Kurant et al., 2008; Evans et al., 2015). Conversely, integrins are not internalized, which 
may indicate differences in how Draper and integrins function within an engulfing cell. 
These two possibilities are investigated further below. 
 
4.4 Parallel pathways promote engulfment 
We investigated the pathways downstream of integrins and Draper governing 
engulfment using double mutant analysis. Double mutants were compared to αPS3 RNAi 
(αPS3i) co-expressed with a control RNAi against Luciferase (Fig 4.3A-B) and draperΔ5 
single mutants (Fig 4.3C-D). Engulfment was visualized and quantified (Fig 4.4A-C) 
using the cleaved Dcp-1 antibody to mark engulfed vesicles, and anti-Discs Large to 
monitor the growth of follicle cell membranes. Loss of draper and αPS3 simultaneously 
resulted in stronger engulfment defects in phase 3 compared to single mutants (Fig 4.3E-
F, 4.4A). Loss of draper normally results in some accumulation of vesicles beginning in 
phase 3, and these results suggest that could partially result from draper-independent 
engulfment by the integrin pathway. Combined loss of Src42A and αPS3 resulted in poor 
viability, but the egg chambers did not have added defects compared to single 
knockdowns (Fig 4.3G-H, 4.4B), suggesting that much like C. elegans, integrins may act 
through Src42A for engulfment. Combined loss of Ced-12 and αPS3 resulted in 
considerably fewer vesicles taken up during phases 1 and 2 compared to single 
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knockdowns, although there was no difference in phases 3 and 4 (Fig 4.3I-J, 4.4C). This 
suggests that Ced-12 may be activated in an integrin-independent manner initially, but 
integrins act through Ced-12 later in engulfment, unlike the pathway described in C. 
elegans in which integrins work through Ced-12 from the initiation of engulfment. We 
hypothesized Draper could also be activating Ced-12 as seen in other tissues in 
Drosophila, so we investigated the combined loss of draper and Ced-12. Combined loss 
of draper and Ced-12 resulted in added defects in phases 3 and 4 (Fig 4.4D), suggesting 
that Draper may initially activate Ced-12 in phases 1 and 2 and integrins activate Ced-12 
later in engulfment in phases 3 and 4. Together, these results suggest that the role of 
integrins may be to bind to the apoptotic cell and activate downstream signaling while 
Draper may be required for internalization and processing as in other systems (Kurant et 
al., 2008; Evans et al., 2015).   
Despite the importance of Draper and αPS3 during engulfment (Freeman et al., 
2003; Manaka et al., 2004; Ziegenfuss et al., 2008; Etchegaray et al., 2012; Shiratsuchi et 
al., 2012; Nonaka et al., 2013; Meehan et al., 2015a), loss of both receptors did not result 
in a complete block in internalization (Fig 4.3E-F, 4.4A). Another phagocytic receptor 
has been studied in Drosophila, Croquemort (Crq) (Franc et al., 1996; Franc, 1999; Han 
et al., 2014). Indeed, we found that crq becomes up-regulated during mid- to late 
engulfment (Fig 4.5A-C), suggesting it could be involved in engulfment by follicle cells. 
To determine whether Crq could be acting as a third engulfment receptor in the follicle 
cells, we examined the ovaries of crqKO mutants. The ovaries showed abnormalities in 
some egg chambers, where the follicle cells died prematurely, occasionally resulting in 
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egg chambers completely devoid of follicle cells and undead germline (Fig 4.5D-F) 
similar to what is seen when apoptotic genes are disrupted in the germline (Peterson et 
al., 2003; Mazzalupo and Cooley, 2006; Baum et al., 2007). This severe phenotype did 
not occur in every egg chamber, and several healthy egg chambers were found with 
healthy follicle cells remaining. Also, when the nurse cells attempted to die, the 
chromatin did not fragment in the stereotypical fashion in phase 2 egg chambers. Often, 
the nurse cell nuclei formed a line, distinct from the disorganized chromatin normally 
seen in phase 1 and the tightly condensed chromatin seen in phase 3.  This suggests that 
Crq may play a role in promoting nurse cell nuclear breakdown during nurse cell death. 
We stained crqKO egg chambers with cleaved Dcp-1 and found that complete loss 
of crq resulted in no defects in vesicle uptake when compared to controls (Fig 4.6A-
D,K). As CD36 receptors can function together with other receptors, we performed 
experiments with double and triple mutants with αPS3 and Draper. Loss of either crq and 
draper, or crq and αPS3, resulted in no stronger defect than loss of either gene 
individually (Fig 4.6E-H,K). Even the triple mutant with draper and crq null mutations 
combined with a knockdown of αPS3 resulted in no additional defects (Fig 4.6I-K). 
These results suggest that crq is not required in the follicle cells for engulfment, although 
it may be required for follicle cell survival or for promoting nurse cell chromatin changes 
during cell death. The residual engulfment that occurs in draper, αPS3 double mutants 
may either indicate that another unknown engulfment receptor still acts in follicle cells, 
or that there is some engulfment that is not dependent on an engulfment receptor. 
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Because we did not find engulfment defects in crq mutants, we investigated other 
CD36 family receptors. We obtained knockdown or knockout lines of several CD36 
receptors that are reported to be expressed in the ovary (flybase.org). We found that loss 
of emp or santa-maria did not have noticeable phenotypes. However, ovaries of peste 
mutants were grossly abnormal and resulted in significantly more “undead” egg 
chambers than seen in crq mutant ovaries, making it challenging to analyze engulfment. 
Another CD36 receptor previously reported to be required for engulfment, debris buster, 
is not expressed in the ovary, suggesting it is not required during oogenesis. 
 
4.5 Integrins and Draper function independently of each other in terms of corpse 
processing 
As Draper becomes internalized and may function in a partially parallel pathway 
to integrins, we next asked if these and other core engulfment proteins are required for 
phagosome maturation or acidification. Since Rab7 association was more discrete than 
Rab5 association (Fig 4.1), we used Rab7 to analyze potential defects in phagosome 
maturation in the engulfment machinery mutants (Fig 4.7, 4.8). As all mutants had 
defects in internalization, we calculated the ratio of Rab7- to Dcp-1-positive vesicles to 
determine if fewer vesicles became Rab7-positive, indicating defects in phagosome 
maturation (Fig 4.8). This is based on the hypothesis that nascent phagosomes (Dcp-1+, 
Rab7-) mature to Dcp-1+, Rab7+ phagosomes. To analyze defects in acidification, we 
used LysoTracker, which marks acidified compartments. We also calculated the ratio of 
LysoTracker- to Dcp-1-positive vesicles to determine if fewer vesicles became acidified, 
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indicating defects in acidification. Surprisingly, we found that engulfment defective 
mutants fell into three general categories in terms of defects in corpse processing. Loss of 
αPS3 or kayak (JNK pathway transcription factor) resulted in defects in internalization, 
but no defects in the ratio of Rab7-positive vesicles (phagosome maturation) or the ratio 
of LysoTracker-positive vesicles (acidification) (Fig 4.7A-B’’, 4.8A-C). For example, 
loss of αPS3 resulted in fewer Dcp-1-positive vesicles throughout engulfment (Fig 4.8A). 
However, the same ratio (approximately 70%) of those vesicles still became positive for 
Rab7, indicating that the vesicles taken up still progressed as in the control (Fig 4.8B). 
This holds true for acidification as well. The same ratio (approximately 180%) of those 
internalized vesicles became positive for LysoTracker, indicating that the engulfed 
material becomes acidified as in the control (Fig 4.8C). Surprisingly, loss of Ced-12 or 
Src42A resulted in not only defects in internalization, but also phagosome maturation 
(Fig 4.7C-C’’, 4.8A-B). However, loss of Ced-12 or Src42A did not result in defects in 
acidification (Fig 4.7D-D’’, 4.8C). As seen in other systems, loss of draper resulted in 
defects in internalization, phagosome maturation, and acidification (Fig 4.7E-F, 4.8A-C). 
Indeed, LysoTracker labeling was almost completely abolished in draperΔ5 egg chambers 
(Fig 4.7F, 4.8C). Together, this suggests that some engulfment genes, such as draper, 
may be required for multiple steps during corpse processing while others, such as Ced-
12, may be required for the efficiency of certain steps during corpse processing.   
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4.6 Loss of canonical corpse processing genes results in different effects in 
engulfment and corpse processing 
We also examined loss of known corpse processing genes shibire (dynamin – 
known to affect internalization), Rab5 (early endosomes), Rab7 (late endosomes), and 
deep orange (encoding VPS18, a lysosome biogenesis and fusion gene (Xiao et al., 
2008)). Loss of shibire and Rab5 resulted in a defect very similar to that as loss of 
draper. Egg chambers expressing shibiredsRNA or rab5dsRNA took up little to no vesicles, 
and those that were engulfed were not processed (Rab7-positive) or acidified (Fig 4.9A-
B’’’, 4.10A-C). Loss of Rab7 (shown to be an effective RNAi knockdown in (Timmons, 
2015)) had no defects in internalization, but had a reduction in acidification (Fig 
4.10A,C). Interestingly, loss of dor resulted in an elevated numbers of internalized 
vesicles, which were processed (became Rab7-positive) in the same proportions as 
controls. These vesicles also became acidified, but were often extremely small, resulting 
in a high number of small acidified vesicles within the follicle cells (Fig 4.9C-D’’’, 
4.10A-C). However, the ratio of LysoTracker- to Dcp-1-positive vesicles was lower than 
that of control (Fig 4.10C). This suggests that loss of dor may result in a decrease in 
acidification, either resulting from defects in lysosome biogenesis or fusion to late 
endosomes.   
 
4.7 Discussion and model 
Degradation of the cell corpse is crucial during engulfment. Here, we show that 
the epithelial follicle cells utilize the canonical corpse processing pathway to process 
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Dcp-1-positive engulfed vesicles. Moreover, we show that engulfment receptors have 
distinct expression patterns during engulfment; Draper is present on the nascent, PI(3)P-
positive phagosomes, whereas integrins are not. Using double mutant analysis, our data 
suggest that integrins may act through Src42A and Ced-12 in a pathway partially parallel 
to Draper during later phases of engulfment. However, our results suggest that Ced-12 is 
not initially activated by integrins, but rather may be activated by Draper.  
Double αPS3 draper mutants had a very strong inhibition of engulfment, but it 
was not completely blocked.  Surprisingly, the addition of the crq mutation to the draper 
and αPS3 mutants did not result in a further block in engulfment. These results suggest 
that Draper and integrins are the main phagocytic receptors in the follicle cells. These 
results also suggest that another, yet unknown, engulfment receptor, may be required for 
engulfment.  
Since loss of Ced-12 leads to defects in phagosome maturation but loss of 
integrins does not, this suggests that the role for Ced-12 in corpse processing is 
independent of integrins. Consistent with other systems, we found that draper mutants 
have defects in internalization, phagosome maturation, and acidification (Kurant et al., 
2008; Evans et al., 2015). In contrast, knockdowns of the JNK pathway transcription 
factor, Kayak, only have defects in internalization. Our data suggest that there may be 
three categories of defects: 1) internalization only (αPS3, kayak); 2) internalization and 
phagosome maturation (Ced-12, Src42A); and 3) internalization, phagosome maturation, 
and acidification (draper). However, given that we quantified the acidification defects in 
a draper null mutant and used RNAi to knockdown Ced-12 and Src42A, it is possible that 
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one or both of these genes are also required for acidification and this phenotype would 
only be apparent with a null mutant. We propose that the defect we see in kayak RNAi 
egg chambers suggests that the role of the JNK pathway is in signal amplification, and 
not in corpse processing during engulfment. This is consistent with loss of kayak only 
resulting in significant defects by phase 3 of engulfment. To our knowledge, we provide 
the first systematic study of corpse processing in an epithelial layer and an investigation 
into the cross-talk between several core engulfment machinery components and corpse 
processing.  
We propose the following model (Fig 4.11) for cross-talk between engulfment 
and corpse processing machinery in the follicular epithelium: in early dying phase 1 egg 
chambers, Draper is present on the phagocytic cup and nascent phagosomes and is 
required for internalization, phagosome maturation, acidification, and signaling to other 
engulfment machinery. As Draper is present on healthy follicle cells, it is responsible for 
the majority of the internalization in phase 1. Also in phase 1 egg chambers, Ced-12 is 
activated by Draper and is required for phagosome maturation. Consistent with this, 
integrin mutants do not show engulfment defects in phase 1 egg chambers (Meehan et al., 
2015a). By phase 2, integrins are present on the apical surface and may play a role in 
anchoring the engulfing cell to the dying cell, as shown in RPE cells (Finnemann et al., 
1997; Nandrot et al., 2004). By phase 3, Draper and integrins are both active and appear 
to work in concert to regulate internalization and engulfment. During this phase of 
engulfment, JNK signaling is activated and has amplified the engulfment signal, at least 
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in part by producing more Draper for internalization. Consistent with other systems, 
integrins may work through Src42A and Ced-12 during mid- to late engulfment. 
We found it striking that the core engulfment machinery has distinct temporal 
regulation and different functions within the engulfing cell. One possibility is that 
different categories of proteins (receptors, kinases, adaptor proteins, etc.) inherently play 
different roles within engulfment. However, two engulfment receptors (Draper and 
integrins) have very different functions in terms of corpse processing while Src42A and 
Ced-12 (a tyrosine kinase and adaptor protein, respectively) are both required for 
efficient phagosome maturation. Another possibility is that the proteins required for 
corpse processing are localized to phagosomes. While loss of Ced-12 and Src42A 
resulted in less efficient phagosome maturation, we do not know if these proteins localize 
to maturing phagosomes. This will only become clear with further investigation.  
The regulation of these proteins is another point of interest. As mentioned above, 
we do not know if Ced-12 and Src42A directly localize to phagosomes or not. 
Phosphatidylinositol (PI) can be differentially phosphorylated, which may serve as a 
regulator for interaction with some, or all, of these proteins. As we have seen, Draper is 
present on several phagosomes that are PI(3)P-positive, suggesting that PI(3)P may be 
required to maintain Draper on nascent phagosomes. However, Draper is also present on 
some PI(3)P-negative phagosomes, suggesting either that Draper is present on less 
mature phagosomes or Draper-positive, Rab7- and PI(3)P-negative vesicles are recycling 
endosomes, allowing for Draper to be recycled back to the apical surface. In C. elegans, 
the phagocytic cup is marked by PI(4,5)P2 while the sealed and nascent phagosomes are 
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marked by PI(3)P (Cheng et al., 2015). Sorting nexins have been shown to associate with 
certain phosphorylated forms of PI, but not others, and their presence on phagosomes 
affects their maturation (Lu et al., 2011). Association of K-Ras with endosomes has been 
shown to be dependent on endosomal acidic phospholipids, specifically 
phosphatidylserine (Gelabert-Baldrich et al., 2014). Lipid composition may be a more 
general method of recruiting proteins to the appropriate vesicle membrane for efficient 
phagosome maturation. 
Engulfment by epithelial cells is crucial for the health and maintenance of several 
organs throughout an organism; however, very little is known about how epithelial cells 
degrade the engulfed material. In this study, we show that most, but not all, of the 
engulfment machinery is required for efficient corpse processing. Draper is present on the 
phagocytic cup and PI(3)P-positive vesicles, suggesting a possible method of recruitment 
of proteins, such as Src42A and Ced-12, to the proper phagosome membrane for efficient 
fusion with endosomes. This work suggests that the core engulfment machinery may play 
several roles within a cell, including internalization, corpse processing, acidification, and 
downstream signaling. We have established the Drosophila ovary as a powerful model 
for investigating the cross-talk between engulfment and corpse processing machinery in 
an in vivo system. There are striking similarities between the Drosophila epithelial 
follicle cells and mammalian retinal pigment epithelial cells (Meehan et al., 2015a), 
suggesting that the information gained here may be useful for diseases such as retinitis 
pigmentosa and age-related macular degeneration. 
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Table 4.1 Lines screened in this chapter. 
Defect seen in mid-oogenesis Color/asterisk code 
Severe *** 
Moderate ** 
Mild/variable * 
None - 
 
Type Gene Stock # Genotype Defect 
Reporter 
Rab5# 43336 w[*]; P{w[+mC]=UAS-GFP-Rab5}3 -- 
Rab7# 42706 w[*]; P{w[+mC]=UAS-Rab7.GFP}3 -- 
FYVE# -- UAS-2XFYVE-mCherry -- 
Null/DN 
draper# -- draperΔ5 *** 
shi 5822 
w[*]; TM3, P{w[+mC]=UAS-shi.K44A}3-10/TM6B, 
Tb[1] 
*** 
dsRNA 
scb# 27545 y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF02696}attP2 *** 
Ced-12# 28556 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HM05042}attP2 
*** 
draper# -- draper dsRNA *** 
shi# 3799 w[1118]; P{GD1529}v3799/TM3 *** 
Rab5# 34832 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00147}attP2 
*** 
dor# 33734 w[1118] P{GD10124}v33734 *** 
shi 105971 P{KK101444}VIE-260B *** 
Rab8 27519 y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF02669}attP2 *** 
Rab8 34373 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01363}attP2 
*** 
kayak# 27722 y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF02804}attP2 ** 
Src42A# 100708 P{KK108017}VIE-260B ** 
Rab7# 27051 y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF02377}attP2 * 
Fak56D 33617 y1 v1; P{y[+7.7] v[+t1.8]=TRiP.HMS00010}attP2 * 
Rab35 28342 y1 v1; P{y[+7.7] v[+t1.8]=TRiP.JF02978}attP2 -- 
Rab2 28701 y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF03117}attP2 -- 
Rab2 34922 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01271}attP2 
-- 
Rab9 31688 y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF01861}attP2 -- 
Rab9 42942 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS02635}attP40 
-- 
Rab14 28708 y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF03135}attP2 -- 
Rab14 34654 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01130}attP2 
-- 
shi 28513 y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF03133}attP2 -- 
shi 36921 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00154}attP2 
-- 
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# Lines analyzed in this chapter. 
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Figure 4.1 The active Dcp-1 antibody marks engulfed vesicles that are processed in 
an endocytic fashion. 
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Mid-stage egg chambers stained with DAPI (cyan) and cleaved Dcp-1 (magenta).  (A-C’) 
Egg chambers expressing Rab5GFP (UAS-GAL4/+; GR1-GAL4 UAS-
Rab5GFP/luciferasedsRNA) show normal engulfment and Rab5 association. (A-A’) In 
healthy egg chambers, Dcp-1 is not detectable and small Rab5GFP-positive vesicles are 
enriched at the apical region of the follicle cells (Rab5 only in zoom in A’). (B-C’) In 
dying phase 3 egg chambers, the germline is Dcp-1-positive. Many of the engulfed 
vesicles are also Dcp-1-positive (zoom in B’). (C, zoom in C’) Some vesicles in a phase 3 
egg chambers become Rab5-positive (white arrowhead). The association does not make a 
complete circle around the vesicle, but rather several puncta associate with the vesicle. 
Several Rab5-negative vesicles are also still present (orange arrowhead). (D-F’) Egg 
chambers expressing Rab7GFP (UAS-GAL4/+; GR1-GAL4 UAS-
Rab7GFP/luciferasedsRNA) show normal engulfment and Rab7 association. (D-D’) In 
healthy egg chambers, Dcp-1 is not detectable and small Rab7GFP-positive vesicles are 
enriched at the apical region of the follicle cells (Rab7 only in zoom in D’). (E-F’) In 
phase 3 egg chambers, the germline is Dcp-1-positive. Many of the engulfed vesicles are 
also Dcp-1-positive. (E, zoom in E’) Some vesicles in a phase 3 egg chambers become 
Rab7-positive (F, zoom in F’, white arrowhead). The association is seen as a bright circle 
completely surrounding a Dcp-1-positive vesicle. Several Rab7-negative vesicles are also 
still present (orange arrowhead). (G-I’) Egg chambers stained with LysoTracker 
(genotype: UAS-GAL4/+; GR1-GAL4 UAS-Rab5GFP/luciferasedsRNA) (G-G’) In healthy 
egg chambers, LysoTracker is not detectable within the germline or surrounding follicle 
cells (LysoTracker only in zoom in G’). (H-I’) In phase 3 egg chambers, the germline is 
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not LysoTracker-positive but many of the engulfed vesicles are LysoTracker-positive (H, 
I, zooms in H’, I’, vesicle indicated by white arrowhead). Scale bar is 50µm.  
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Figure 4.2 Maturing phagosomes are marked with FYVE and Draper, but not 
integrins. 
 
Dying mid-stage egg chambers expressing FYVE (red) and Rab7GFP (green) labeled 
with DAPI (cyan) and antibodies (blue) against Draper (A) or αPS3 (B).  (A-A’’’) A mid-
stage dying egg chamber (UAS-GAL4/FYVE-mCherry; GR1-GAL4, UAS-Rab7GFP/+) 
stained with α-Draper shows normal engulfment, Rab7 association, and Draper 
enrichment. (A’-A’’’) Single channel zooms show that FYVE-mCherry co-localizes with 
some Rab7GFP-positive vesicles (white arrowhead) and clusters near the apical surface 
of the follicle cells. Several of the FYVE- and Rab7-positive vesicles are also positive for 
Draper (white arrowhead). Some FYVE- and Rab7-negative vesicles were positive for 
Draper (green arrowhead). (B-B’’’) A mid-stage dying egg chamber (UAS-GAL4/FYVE-
mCherry; GR1-GAL4, UAS-Rab7GFP/+) stained with anti-αPS3 shows normal 
engulfment, Rab7 association, and αPS3 enrichment. (B’-B’’’) Single channel zooms 
show that αPS3 is present only on the apical surface and not within the cell. A Rab7-
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positive vesicle with low FYVE (green arrowhead) and a Rab7- and FYVE-positive 
vesicle (white arrowhead) are shown, both negative for αPS3. Scale bar is 50µm.  
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Figure 4.3 αPS3 engulfment defects are enhanced by Draper, but not by Src42A or 
Ced-12. 
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Healthy and dying mid-stage egg chambers from the indicated genotypes stained with 
DAPI (cyan) and antibodies against cleaved Dcp-1 (magenta) and Discs large (Dlg, 
green).  (A-B) Control αPS3 RNAi + luciferase RNAi (UAS-GAL4/+; GR1-GAL4, UAS-
αPS3dsRNA/UAS-luciferasedsRNA), shows slightly weaker defects in engulfment when 
compared to loss of αPS3 alone (Meehan et al., 2015a). (C-D) draperΔ5 egg chambers 
show very little follicle cell growth and vesicle uptake as previously shown (Etchegaray 
et al., 2012; Meehan et al., 2015a). (E-F) Loss of draper and αPS3 (draperΔ5 UAS-
αPS3dsRNA/draperΔ5, GR1-GAL4) shows stronger defects than either single mutant, 
especially in phase 3. (G-H) Combined loss of αPS3 and Src42A (UAS-GAL4/+; GR1-
GAL4, UAS-αPS3dsRNA/UAS-Src42AdsRNA) shows no additional defects compared to 
control in A-B. (I-J) Loss of αPS3 and Ced-12 (UAS-GAL4/+; GR1-GAL4, UAS-
αPS3dsRNA/UAS-Ced-12dsRNA) show engulfment in phase 3 egg chambers, but no 
engulfment in earlier phases. Scale bar is 50µm.  
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Figure 4.4 Quantification of engulfment defects in double mutants. 
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(A-D) Quantification of the average number of Dcp-1-positive vesicles for each phase of 
death per central slice, for the indicated genotypes. draperΔ5 data for (A) is taken from 
(Meehan et al., 2015a) for comparison. All data are mean ± s.e.m. At least three egg 
chambers were quantified for each genotype, phase, and quantification method in A-D, 
except those noted here. For A, 44 egg chambers were quantified for αPS3dsRNA; 46 for 
draperΔ5; 85 for draperΔ5 αPS3dsRNA. For B, 78 egg chambers were quantified for 
αPS3dsRNA luciferasedsRNA; 32 for Src42AdsRNA; and 6 for αPS3dsRNA Src42AdsRNA. For C, 78 
egg chambers were quantified for αPS3dsRNA luciferasedsRNA; 95 for Ced-12dsRNA; and 22 
for αPS3dsRNA Ced-12dsRNA. For D, 95 egg chambers were quantified for Ced-12dsRNA; 44 
for draperΔ5; and 51 for draperΔ5 Ced-12dsRNA. Phase 1 for Src42A alone, and Src42A + 
αPS3, and phase 2 for Src42A + αPS3 have less than 3 egg chambers quantified. Two-
tailed t-tests were performed: *** – P<0.005, ** – P<0.01, * – P<0.05. 
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Figure 4.5 Croquemort becomes enriched in the follicle cells during engulfment and 
has defects in follicle cell health. 
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(A-C) Egg chambers expressing UAS-GFP driven by crq-GAL4 (crq-GAL4/CyO; UAS-
mCD8-GFP/TM2) stained with DAPI (cyan). (A-A’) Healthy egg chambers show little to 
no Crq expression in the germline or follicle cells. (B-B’) Phase 3 egg chambers show an 
increase in Crq expression in the follicle cells. (C-C’) Phase 5 egg chambers show 
considerably more Crq expression in the remaining follicle cells. (D-E) Egg chambers 
from starved flies stained with DAPI (cyan). (D) A wild-type egg chamber (w1118) has a 
germline surrounded by a monolayer of healthy follicle cells. (E) crq null egg chambers 
(crqKO) show undead germline with no remaining healthy follicle cells. (F) Quantification 
of the number of “undead” egg chambers per 100 ovarioles in the indicated genotypes. 
Scale bar is 50µm. 
 
Credit: Image in E and quantifications by Jeanne Peterson.  
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Figure 4.6 Croquemort is not required in the follicle cells for engulfment. 
 
(A-J) Mid-stage healthy and dying egg chambers from the indicated genotypes stained 
with DAPI (cyan) and antibodies against cleaved Dcp-1 (yellow) and Discs large (red). 
The Discs large channel was brightened in C-D and G-H to better visualize follicle cell 
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enlargement. (A-B) Control (w1118) egg chambers show normal follicle cell enlargement 
and engulfment. (C-D) Loss of crq alone (crqKO) shows no defects in follicle cell 
enlargement or engulfment. (E-F) Loss of crq and draper (crqKO; draperΔ5) results in 
strong engulfment defects, similar to loss of draper alone. (G-H) Loss of crq and αPS3 
(crqKO; GR1-GAL4/UAS-αPS3dsRNA) results in strong engulfment defects, but not stronger 
than loss of αPS3 alone. (I-J) Loss of crq, draper, and αPS3 (crqKO; draperΔ5 UAS-
αPS3dsRNA/draperΔ5, GR1-GAL4) results in strong engulfment defects, but not stronger 
than loss of draper and αPS3. (K) Average number of Dcp-1-positive vesicles engulfed 
per central slice for each phase of death. Scale bar is 50µm. All data are mean ± s.e.m. At 
least three egg chambers were quantified for each genotype, phase, and quantification 
method in K-M, except those noted here. For K, 19 egg chambers were quantified for 
w1118; 32 for crqKO; 44 for αPS3dsRNA; 46 for draperΔ5; 85 for draperΔ5 αPS3dsRNA; 20 for 
crqKO; draperΔ5; 7 for crqKO αPS3dsRNA; 86 for crqKO; draperΔ5 αPS3dsRNA. Phase 2 for 
crqKO; draperΔ5 and crqKO; αPS3dsRNA and phase 3 of crqKO; αPS3dsRNA have less than 3 
egg chambers quantified. Two-tailed t-tests were performed: *** – P<0.005, ** – 
P<0.01, * – P<0.05. 
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Figure 4.7 Engulfment mutants have distinct effects on corpse processing. 
 
 154  
(A-F) Dying egg chambers from the indicated genotypes stained with DAPI (cyan) and 
antibodies against cleaved Dcp-1 or Dlg (magenta).  (A-A’’) Loss of αPS3 (UAS-
GAL4/+; GR1-GAL4, UAS-Rab7GFP/UAS-αPS3dsRNA) results in reduced vesicle uptake, 
but some of the vesicles become Rab7-positive. (B-B’’) Loss of αPS3 (UAS-GAL4/+; 
GR1-GAL4, UAS-Rab7GFP/UAS-αPS3dsRNA) results in reduced vesicle uptake and 
normal acidification. (C-C’’) Loss of Ced-12 (UAS-GAL4/+; GR1-GAL4, UAS-
Rab7GFP/UAS-Ced-12dsRNA) results in reduced vesicle uptake, reduced Rab7 association, 
and Rab7 aggregates. (D-D’’) Loss of Ced-12 (UAS-GAL4/+; GR1-GAL4, UAS-
Rab7GFP/UAS-Ced-12dsRNA) results in reduced acidification. (E-E’’) Loss of draper 
(UAS-GAL4/UAS-draperdsRNA; GR1-GAL4, UAS-Rab7GFP/+) results in reduced vesicle 
uptake, and very few vesicles are Rab7-positive. (F-F’’) Loss of draper (draperΔ5) results 
in a severe delay in acidification, with little to no vesicles acidified at phase 3. Scale bar 
is 50µm. 
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Figure 4.8 Quantification of corpse processing defects in engulfment mutants. 
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(A) Average number of Dcp-1-positive vesicles engulfed per central slice. (B) Ratio of 
Rab7-positive to Dcp-1-positive vesicles in phase 2 egg chambers and (C) ratio of 
LysoTracker-positive vesicles to Dcp-1-positive vesicles in phase 3 egg chambers. All 
data are mean ± s.e.m. At least three egg chambers were quantified for each genotype, 
phase, and quantification method in A-C, except those noted here. For A, 47 egg 
chambers were quantified for the control (UAS-GAL4/+; GR1-GAL4, UAS-
Rab5GFP/UAS-luciferasedsRNA and UAS-GAL4/+; GR1-GAL4, UAS-Rab7GFP/UAS-
luciferasedsRNA); 215 for αPS3dsRNA; 69 for kayakdsRNA; 82 for Ced-12dsRNA; 32 for 
Src42AdsRNA; and 73 for draperdsRNA. For B, 8 egg chambers were quantified for control 
(UAS-GAL4/+; GR1-GAL4, UAS-Rab7GFP/UAS-luciferasedsRNA); 41 for αPS3dsRNA; 6 for 
kayakdsRNA; 4 for Ced-12dsRNA; 5 for Src42AdsRNA; and 22 for draperdsRNA. For C, 7 egg 
chambers were quantified for control (the mixture from A); 21 for αPS3dsRNA; 13 for 
kayakdsRNA; 13 for Ced-12dsRNA; 29 for Src42AdsRNA; and 13 for draperΔ5. Phase 1 for 
Src42A has less than 3 egg chambers quantified. Two-tailed t-tests were performed: *** – 
P<0.005, ** – P<0.01, * – P<0.05. 
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Figure 4.9 Loss of the canonical corpse processing genes, shi and dor, result in 
opposite defects. 
 
(A-D) Dying egg chambers from the indicated genotypes stained with DAPI (cyan) and 
antibodies against cleaved Dcp-1 or Dlg (magenta).  (A-A’’) Loss of shi (UAS-GAL4/tub-
GAL80ts; GR1-GAL4, UAS-Rab7GFP/UAS-shidsRNA) results in reduced vesicle uptake, 
and the few vesicles that are engulfed are not Rab7-positive. (B-B’’) Loss of shi (UAS-
GAL4/tub-GAL80ts; GR1-GAL4, UAS-Rab7GFP/UAS-shidsRNA) results in little to no 
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LysoTracker-positive vesicles. (C-C’’) Loss of dor (UAS-GAL4/+; GR1-GAL4, UAS-
Rab7GFP/UAS-dordsRNA) results in elevated numbers of vesicles, and many are Rab7-
positive. (D-D’’) Loss of dor (UAS-GAL4/+; GR1-GAL4, UAS-Rab7GFP/UAS-dordsRNA) 
results in elevated numbers of LysoTracker-positive vesicles. 
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Figure 4.10 Quantification of corpse processing defects in corpse processing 
mutants. 
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(A) Average number of Dcp-1-positive vesicles engulfed per central slice. (B) Ratio of 
Rab7-positive to Dcp-1-positive vesicles in phase 2 egg chambers and (C) ratio of 
LysoTracker-positive vesicles to Dcp-1-positive vesicles in phase 3 egg chambers. Scale 
bar is 50µm. At least three egg chambers were quantified for each genotype, phase, and 
quantification method in A-C, except those noted here. For A, 47 egg chambers were 
quantified for the control (UAS-GAL4/+; GR1-GAL4, UAS-Rab5GFP/UAS-
luciferasedsRNA and UAS-GAL4/+; GR1-GAL4, UAS-Rab7GFP/UAS-luciferasedsRNA); 33 
for shidsRNA; 15 for Rab5dsRNA; 41 for Rab7dsRNA; and 48 for dordsRNA. For B, 8 egg 
chambers were quantified for control (UAS-GAL4/+; GR1-GAL4, UAS-Rab7GFP/UAS-
luciferasedsRNA); 2 for shidsRNA; 2 for Rab5dsRNA; and 6 for dordsRNA. For C, 7 egg chambers 
were quantified for control (the mixture from A); 8 for shidsRNA; 1 for Rab5dsRNA; 18 for 
Rab7dsRNA; and 8 for dordsRNA. Phase 2 for shidsRNA and Rab5dsRNA and phase 4 for 
Rab5dsRNA have less than 3 egg chambers quantified. Phase 3 for Rab5dsRNA, LT only, has 
less than 3 egg chambers quantified. Two-tailed t-tests were performed: *** – P<0.005, 
** – P<0.01, * – P<0.05. 
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Figure 4.11 Model of the cross-talk between engulfment and corpse processing 
machinery in non-professional phagocytes. 
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A diagram depicting our model for the molecular changes within an engulfing epithelial 
follicle cell.  (A) In phase 1 egg chambers, Draper is already present on the apical surface 
of the follicle cells and initiates corpse processing and activation of Rac1 by activating 
Ced-12. Ced-12 is required for efficient corpse processing. Integrins and Draper are also 
being trafficked to the apical surface and Dor activity is required for inhibiting excessive 
uptake. (B) In phase 2 egg chambers, integrins are potentially required for adhesion to the 
dying germline. (C) In phase 3 egg chambers, both integrins and Draper are fully active 
and working in concert to promote engulfment. The JNK pathway is active and serves as 
an amplification signal, increasing expression of engulfment genes such as Draper. 
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CHAPTER FIVE  
The role of GTPases and JNK signaling during engulfment 
 
5.1 Introduction 
 Engulfment by non-professional phagocytes is crucial for the health and 
development of an organism. Epithelial cells throughout the body are required on a 
regular basis for engulfment; if these cells are not cleared appropriately, serious 
conditions such as retinitis pigmentosa, age-related macular degeneration, and asthma 
may occur. Despite the importance of epithelial cells during engulfment, little is known 
about the molecular and signaling changes that occur in order for engulfment to occur.  
  One of the molecular changes that is known to occur during engulfment is the 
activation of small and large GTPases. Several GTPases including Dynamin, Rab5, and 
Rab7 are required for corpse processing (Kinchen et al., 2008) while other GTPases, such 
as Rac1, are thought to be required for signaling and cytoskeletal rearrangements 
(Kinchen et al., 2005, Nakaya et al., 2008). However, other members of the Rho family 
of GTPases have not been studied in-depth during engulfment. The other major members 
of the Rho family of GTPases, Rac2, Cdc42, and Rho1, have been best characterized 
during their roles in migration and wound healing (Quiros and Nusrat, 2014). In C. 
elegans, Cdc42 becomes enriched at the phagocytic cup and nascent phagosomes and is 
required for phagocytosis (Park and Cox, 2009, Neukomm et al., 2014). In contrast, 
RhoA and RhoG have been investigated in mammalian systems, and are sometimes 
required for engulfment to proceed while inhibitory in other cases (Leverrier and Ridley, 
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2001, Tosello-Trampont et al., 2003, Werner, 2005, Nakaya et al., 2006, Tosello-
Trampont et al., 2007).  
 Our lab utilizes the Drosophila ovary to study apoptotic cell death and engulfment 
by the epithelial follicle cells. The Drosophila ovary is an excellent system to study cell 
death and engulfment for several reasons: cell death is inducible, reproducible, and 
physiological, and engulfment is easily detectable and quantifiable by different 
parameters. Our lab has recently identified several of the genes required for integrin 
trafficking during engulfment, suggesting that the ovary can be used as an in vivo model 
for studying molecular changes required for engulfment (Meehan et al., 2015a). We have 
also determined that some of the engulfment machinery is required for corpse processing, 
suggesting that the ovary can be used to study subtle functional differences within the 
FCs (Chapter 4).   
Here, we investigate the expression pattern of Rac1, Rac2, and Cdc42 in 
engulfment and find that surprisingly, Rac2 becomes induced in the engulfing FCs. Loss 
of Rac1, Rac2, or Cdc42 resulted in engulfment-defective egg chambers, but loss of 
Cdc42 also had double layering of the FCs in healthy egg chambers which could 
complicate understanding its role in engulfment, so we focused on Rac1 and Rac2. 
Strikingly, we found distinct roles for Rac1 and Rac2.  We determined that Rac1 is 
required for both initial internalization and enlargement of the FCs whereas Rac2 is only 
required for enlargement of the FCs. Due to the induction of Rac2 during mid 
engulfment, and previous work implicating the JNK pathway in engulfment (Etchegaray 
et al., 2012), we investigated the JNK pathway as a possible regulator of both Racs. Rac1 
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is known for activating the JNK pathway in other systems, and we found that Rac1 is 
required for initial JNK activation during engulfment. Surprisingly, we also found that 
Rac1 is required for initial Rac2 activation, suggesting that there is a positive feedback 
loop and signal amplification required for proper engulfment. This also suggests that 
Rac1 and Rac2 may both be required for cytoskeletal rearrangements and that some 
degree of engulfment may occur in the absence of FC enlargement. This work identifies a 
novel mechanism of GTPase regulation within an engulfing cell. 
 
5.2 Rac2 becomes induced during engulfment 
 To investigate which of the GTPases were required in the follicle cells for 
engulfment, we obtained GFP fusion proteins driven by the endogenous promoters 
(Abreu-Blanco et al., 2014). All of these transgenes were capable of rescuing nulls, 
suggesting that they are functional proteins (Abreu-Blanco et al., 2014). We found that 
GFP-Rac1 and mCherry-Cdc42 were apically enriched in follicle cells of healthy egg 
chambers (Figure 5.1A,E). GFP-Rac1 expression did not change in expression or 
intensity throughout engulfment (Figure 5.1B-D). mCherry-Cdc42 expression increased 
throughout engulfment in the follicle cells (Figure 5.1F-H). Surprisingly, only very low 
levels of GFP-Rac2 were detectable in follicle cells of healthy egg chambers (Figure 
5.1I), but became induced in engulfing follicle cells starting at low levels in phase 1 egg 
chambers (Figure 5.1J). The levels of GFP-Rac2 increased as engulfment proceeded, and 
was slightly apically enriched (Figure 5.1K-L). GFP-Rho1 expression was not detectable 
in the germline or the follicle cells in healthy or dying egg chambers, yet expression of 
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the fusion protein resulted in engulfment defective egg chambers, suggesting that the 
addition of GFP inhibits normal function of Rho1 during engulfment. We also 
investigated flies expressing RNAi against Rho1 specifically in the follicle cells and saw 
very strong engulfment defects, suggesting that Rho1 is required in the follicle cells and 
GFP-Rho1 somehow inhibits the normal function of Rho1. 
 
5.3 Rac2 is required for follicle cell enlargement but not engulfment 
 Since GFP-Rac1, mCherry-Cdc42, and GFP-Rac2 were all expressed in the 
follicle cells during engulfment, we sought to determine if they were required for 
engulfment of the germline. To do this, we used a follicle cell specific driver, GR1-GAL4, 
which starts to express at detectable levels in mid-oogenesis, allowing for the 
establishment of the follicle cell layer before knocking down GTPases of interest using 
RNAi. Loss of Rac1 specifically in the follicle cells produced normal healthy egg 
chambers (Figure 5.2D), but the follicle cells did not enlarge or engulf as cell death 
proceeded (Figure 5.2E-E’, 5.3A-B), leading to engulfment-defective egg chambers with 
lingering germline and prematurely dying follicle cells (Figure 5.2F). On the other hand, 
loss of Cdc42 resulted in a double layer of follicle cells present at the posterior end of 
every healthy egg chamber, regardless of starvation (Figure 5.2G, arrow). In dying egg 
chambers, the follicle cells did not enlarge or engulf (Figure 5.2H-I, 5.3A-B). This is not 
surprising given the role of Cdc42 in cell polarity, a process required for engulfment 
(Meehan et al., 2015a). Therefore, the defects in Cdc42dsRNA-expressing egg chambers 
may be due to its role in either actin remodeling, cell polarity, or a combination of both. 
A null mutant of Rac2 produced normal healthy egg chambers, but during cell death in 
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mid-oogenesis, the follicle cells only enlarged slightly during engulfment (Figure 5. 3A). 
Strikingly, the Rac2 mutant follicle cells were still able to engulf a few vesicles marked 
with an antibody against cleaved caspase Dcp-1 (Chapter 2), unlike like what was seen in 
Rac1dsRNA-expressing egg chambers (Figure 5.3B). We also investigated three different 
RNAi lines against Rac2 and found that loss of Rac2 specifically in the follicle cells 
resulted in similar engulfment defects, very little to no follicle cell enlargement yet some 
vesicle uptake (Figure 5.2G-I’, 5.3A-B). This suggests that Rac1 is required for both 
follicle cell enlargement and engulfment, while Rac2 is required for follicle cell 
enlargement, but not engulfment. We hypothesized that this may be due to differential 
regulation, perhaps by the JNK pathway, especially as GFP-Rac2 is only detectable at 
low levels within follicle cells of healthy egg chambers. 
 
 
5.4 Rac1 and Rac2 have differential effects on JNK activation 
 First, we knocked down Rac1 and Rac2 and determined if JNK activation, 
measured by puc-lacZ expression (Figure 5.4), was delayed. As proposed previously 
(Etchegaray et al., 2012), loss of Rac1 resulted in a decrease in puc-lacZ expression 
(Figure 5.4A-F), similar to what was seen with loss of Ced-12 or draper (data not 
shown). Conversely, we found that loss of Rac2 did not have defects in activation of the 
JNK pathway (Figure 5.4G-I). As GFP-Rac2 is induced during mid-engulfment, we 
hypothesized that Rac2 could be induced by the JNK pathway. Surprisingly, we found 
that induction of GFP-Rac2 was not inhibited by knockdown of the JNK transcriptional 
factor, kayak (Figure 5.5A-F’), suggesting that Rac2 is not a target of the JNK pathway. 
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Interestingly, we found that induction of GFP-Rac2 was delayed by knockdown of Rac1 
(Figure 5.5G-I’). This research suggests that two similar GTPases have differential 
functions in JNK signaling but cooperate in terms of follicle cell enlargement. As loss of 
Rac1 results in defects in GFP-Rac2 induction, this suggests that they may function in a 
positive feedback loop.   
 
5.5 Discussion and model 
 As the main function of non-professional phagocytes is not engulfment, these 
cells are likely to acquire considerable molecular changes that are needed for engulfment 
to proceed efficiently. However, these molecular changes are still not clearly understood. 
The Rho family of GTPases has been garnering more attention lately in engulfment, yet 
much of the research centers around Rac1, which is activated by the unconventional GEF 
(guanine exchange factor) comprised of Ced-5/Dock180 and Ced-12/Elmo1. In contrast, 
Rac2 seems to be important in Drosophila hemocytes, which engulf in a Rac1-
independent manner (Cuttell et al., 2008, Xiao et al., 2015). Here, we uncover the roles of 
Rac1 and Rac2, both Rho family GTPases, during engulfment and find they have 
dramatically different regulation and function.  
 We show that Rac2 becomes induced during engulfment whereas the expression 
pattern of Rac1 is not altered. Next, we found that Rac1 and Rac2 are both required for 
engulfment, but Rac1 is required for both engulfment and enlargement while Rac2 is only 
required for enlargement of the follicle cells. Last, we sought to determine if and how 
Rac1 and Rac2 interact with the JNK pathway, which we have previously shown to be 
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required in engulfment (Etchegaray et al., 2012). We saw that as in other systems, Rac1 
is required for initial JNK activation, along with Ced-12 and Draper during engulfment, 
whereas Rac2 is not. Surprisingly, Rac2 induction is not altered by loss of the JNK 
transcription factor, kayak, but by loss of Rac1. These results suggest that Rac1 and Rac2 
may function differentially in terms of JNK activation and that one GTPase may affect 
the induction of another GTPase, which functions similarly in terms of follicle cell 
enlargement. 
 We propose the following model for GTPase function and JNK signaling during 
engulfment (Figure 6.1C): Rac1 becomes activated by Ced-5/Ced-12 and activates the 
JNK pathway in engulfing cells. Rac1 is also required for induction of Rac2, but 
independent of the JNK pathway. As Rac2 becomes induced, it binds to actin, leading to 
cytoskeletal rearrangements that facilitate enlargement of a mid-phase engulfing follicle 
cell. 
 The question remains: why have one GTPase required for the induction of the 
other within the same cell? One possibility is that since Rac1 is activated by both Ced-12 
and Draper, Rac1 serves as a sensor for engulfment. Thus, once Rac1 becomes activated, 
it induces Rac2 expression for a more robust response by the engulfing cell. As both 
GTPases are required for follicle cell enlargement, this seems possible. Rac1 is required 
for the initial steps of engulfment, including initial vesicle uptake. Rac1 then activates 
Rac2 for mid-engulfment, during which the follicle cells enlarge considerably in order to 
engulf more dying germline material. 
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 As Rac2 is not a target of the JNK pathway, but Rac1, this suggests a larger 
regulatory network within healthy and engulfing follicle cells. These results suggest that 
Rac1 is responsible for activation of other pathways within engulfing cells, which have 
not yet been uncovered. This also suggests that activation of GTPases is crucial for 
engulfment, but requires a two-step process of regulation: activation of Rac1, which then 
leads to activation of Rac2. Both GTPases are required for any noticeable enlargement 
during mid-phases of engulfment, which implies that the four-to-five fold enlargement 
seen in mid-phases of engulfment is driven by two similar GTPases. The use of two 
GTPases for the same function may speak to the need of the follicle cells to make 
significant changes in order to engulf. This may be because non-professional phagocytes 
are not primed for engulfment, and require considerable signal amplification for 
engulfment to proceed. 
Thus far, Rac2 has largely been studied in engulfment by professional phagocytes 
(Cuttell et al., 2008, Xiao et al., 2015), however, this study suggests that Rac2 may be 
required in other types of engulfing cells. In the professional phagocytes of Drosophila, 
recent work has shown that Rac2 is increased at the level of translation (Xiao et al., 
2015). In these engulfing cells, an E3 ligase translocates from the nucleus and 
ubiquitylates phosphorylated ribosomal protein S6, resulting in its degradation. This leads 
to an increase in Rac2, F-actin remodeling, and, therefore, promotion of phagocytosis 
(Xiao et al., 2015). We propose that the same process may be occurring in our system.  
Professional phagocytes are thought to be primed for engulfment, but non-
professional phagocytes such as the epithelial cell of the Drosophila ovary require 
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molecular changes in order to engulf. Rac2 represents one of those molecular changes 
required for engulfment. These results suggest that there are significant changes and 
signal amplification required for engulfment by non-professional phagocytes, perhaps in 
a process similar to that seen in professional phagocytes. Further investigation into the 
differential roles of GTPases during engulfment in professional and non-professional 
phagocytes may point to differences between the engulfment mechanisms in these cell 
types. 
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Table 5.1 Lines analyzed in this chapter. 
Defect seen in mid-oogenesis Color/asterisk code 
Severe *** 
Moderate ** 
Mild/variable * 
None -- 
 
Type Gene Stock # Genotype Defects 
Reporters 
Rac1 52284 w[*]; P{w[+mC]=GFP-Rac1}20 -- 
Rac2 52286 w[*]; P{w[+mC]=GFP-Rac2}21 -- 
Rho1 9528 w[1118]; P{w[+mC]=GFP-Rho1}21 *** 
Cdc42 42236 w[1118]; P{w[+mC]=sqh-ChFP-Cdc42}23 -- 
Wild-type ry 225 ry[506] -- 
Null/DN 
Rac1 6292 y[1] w[*]; P{w[+mC]=UAS-Rac1.N17}1 *** 
Rac2 6675 Rac2[Delta] ry[506] *** 
Knockdown 
Rac1 28985 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF02813}attP2 e[*] 
*** 
Rac2 28926 w[1118]; P{GD13964}v28926 *** 
Rac2 50349 w[1118]; P{GD17536}v50349 *** 
Rac2 50350 w[1118]; P{GD17536}v50350 *** 
Rho1 27727 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF02809}attP2 
*** 
Cdc42 28021 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF02855}attP2 
*** 
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Figure 5.1 GFP-Rac2 becomes induced in the follicle cells during engulfment. 
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(A-D) Egg chambers expressing GFP-Rac1 from starved flies stained with DAPI (cyan). 
Arrows indicate the apical surface in all panels. (A-A’) GFP-Rac1 is apically enriched in 
the follicle cells in healthy egg chambers. (B-B’) GFP-Rac1 is apically enriched in the 
follicle cells of phase 1 egg chambers. (C-C’) GFP-Rac1 is apically enriched in the 
follicle cells of phase 3 egg chambers. (D-D’) GFP-Rac1 expression is maintained in the 
follicle cells of phase 5 egg chambers. (E-H) Egg chambers expressing mCherry-Cdc42 
from starved flies stained with DAPI (cyan). (E-E’) Low levels of mCherry-Cdc42 are 
apically enriched in the follicle cells of healthy egg chambers. (F-F’) mCherry-Cdc42 
expression is apically enriched in the follicle cells of phase 1 egg chambers. mCherry-
Cdc42 expression is also highly elevated in the germaria (red asterisk). (G-G’) mCherry-
Cdc42 expression slightly increases in the follicle cells of phase 3 egg chambers. (H-H’) 
mCherry-Cdc42 expression is elevated in the follicle cells of phase 5 egg chambers. (I-L) 
Egg chambers expressing GFP-Rac2 from starved flies stained with DAPI (cyan). (I-I’) 
Healthy egg chambers show very little GFP-Rac2 expression in the follicle cells or 
germline. (J-J’) Very low levels of GFP-Rac2 are seen in the follicle cells of phase 1 egg 
chambers. (K-K’) Increased levels of GFP-Rac2 are seen in the follicle cells of phase 3 
egg chambers. This expression is slightly apically enriched. (L-L’) Elevated levels of 
GFP-Rac2 are seen in the follicle cells of phase 5 egg chambers (compare to the healthy 
egg chamber, indicated by the red asterisk). 
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Figure 5.2 Rac2 is required for FC enlargement but not vesicle uptake, unlike Rac1. 
 
 
(A-L) Egg chambers from starved flies stained with DAPI (cyan), cleaved Dcp-1 (green), 
and Discs large (magenta). (A-C) Control egg chambers (GR1-GAL4) show normal 
engulfment and follicle cell enlargement. (D-F) Egg chambers expressing Rac1dsRNA 
(GR1-GAL4, G00089/Rac1dsRNA) in the follicle cells show engulfment defects. (D) 
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Healthy egg chambers look normal. (E-E’) Phase 3 egg chambers show little to no 
follicle cell enlargement and vesicle uptake. (F) Phase 5 egg chambers have lingering 
germline and dying follicle cells. (G-I) Egg chambers expressing Cdc42dsRNA (GR1-
GAL4, G00089/Cdc42dsRNA) in the follicle cells show engulfment and polarity defects. 
(G) Healthy egg chambers have a double layer of follicle cells (arrow). (H-H’) Phase 3 
egg chambers have no follicle cells enlargement or vesicle uptake. (I) Phase 5 egg 
chambers have lingering germline and dying follicle cells. (J-L) Egg chambers from 
Rac2dsRNA (Rac2dsRNA/+; GR1-GAL4, G00089/+) flies have engulfment defects. (J) 
Healthy egg chambers appear normal. (K-K’) Phase 3 egg chambers show little to no 
follicle cell enlargement. (L) Phase 5 egg chambers have lingering germline and dying 
follicle cells. 
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Figure 5.3 Quantification of percent unengulfed germline and Dcp-1-positive 
vesicles in GTPase mutants. 
 
(A) Quantification of unengulfed germline. (B) Quantification of the number of Dcp-1-
positive vesicles in phases 1-4. All data are mean ± s.e.m.  
  
 178  
Figure 5.4 Rac1 is required for JNK activation whereas Rac2 is not. 
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(A-I) Egg chambers from starved flies stained with DAPI (cyan) and βGal to detect 
expression of puc-lacZ (red). (A-C) Control egg chambers show normal puc-lacZ 
activation. (A-A’) Healthy egg chambers show no puc-lacZ expression. (B-B’) Phase 2 
egg chambers show several follicle cells positive for puc-lacZ. (C-C’) Phase 3 egg 
chambers show most, if not all, follicle cells positive for puc-lacZ. (D-F) Loss of Rac1 in 
the follicle cells (GAL80ts/+; GR1-GAL4, puc-lacZ /Rac1dsRNA) results in defects in puc-
lacZ activation. (D-D’) Healthy egg chambers have no puc-lacZ expression. (E-E’) Phase 
2 egg chambers have little to no cells with puc-lacZ expression. (F-F’) Phase 3 egg 
chambers have a few cells that are positive for puc-lacZ. (G-I) Loss of Rac2 in the 
follicle cells (GR1GAL4, puc-lacZ /Rac2dsRNA) have no defects in puc-lacZ expression. 
(G-G’) In healthy egg chambers during mid-oogenesis, no follicle cells are positive for 
puc-lacZ. (H-H’) In phase 2 egg chambers, several follicle cells are positive for puc-lacZ. 
(I-I’) In phase 3 egg chambers, all of the follicle cells are positive for puc-lacZ.  
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Figure 5.5 Rac2 is not a target of the JNK pathway, but of Rac1. 
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(A-F) Egg chambers from starved flies expressing Rac2GFP stained with DAPI (cyan). 
(A-C) Control egg chambers (Rac2GFP/+; +/TM3) show normal engulfment and GFP-
Rac2 induction throughout engulfment. (D-F) Loss of kayak (Rac2GFP/+; 
kayakdsRNA/GR1-GAL4) results in normal GFP-Rac2 induction but defective engulfment. 
(D-D’) Healthy egg chambers show little to no GFP-Rac2 expression in the follicle cells 
or nurse cells. (E-E’) Phase 3 egg chambers show induction of GFP-Rac2 within the 
follicle cells. (F-F’) Phase 5 egg chambers show GFP-Rac2 expression in the few 
remaining healthy follicle cells. (G-I) Loss of Rac1 (Rac2GFP/+; GR1-GAL4, 
Rac1dsRNA/+) results in delayed GFP-Rac2 induction and defective engulfment. (G-G’) 
Healthy egg chambers show little to no GFP-Rac2 expression. (H-H’) Phase 3 egg 
chambers do not show an induction in GFP-Rac2 within the follicle cells. (I-I’) Phase 5 
egg chambers show some GFP-Rac2 induction within the remaining follicle cells. 
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CHAPTER SIX  
Discussion and future perspectives 
 In this chapter, I will discuss the major findings and conclusions of this work. I 
present a model that combines my work with previous research, presenting the significant 
findings about the regulation of engulfment during starvation-induced mid-oogenesis cell 
death. I will also discuss open questions and future perspectives of this research.   
 When I began this dissertation, the five phases of cell death and engulfment had 
recently been characterized and a role for the engulfment receptor Draper and the JNK 
signaling pathway had been established (Etchegaray et al., 2012). This research has 
provided a better understanding of the role of integrins, the cross-talk between 
engulfment and corpse processing machinery, and the role of GTPases during 
engulfment. Altogether, this work provided information on the function and regulation of 
several additional proteins during engulfment.   
 
6.1 Summary of findings: Apical localization and trafficking of integrins are 
required for engulfment of apoptotic cells 
 We found that during engulfment of the apoptotic germline cells, the integrin 
heterodimer αPS3/βPS becomes apically enriched on the follicle cells very early in 
engulfment. Loss of either of these subunits results in severe defects in enlargement and 
vesicle uptake, similar to the defects seen in loss of draper. Surprisingly, we found that 
αPS3 directs heterodimer localization and function. We investigated the trafficking 
machinery for αPS3 and found that cell polarity sets up the directionality of integrin 
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trafficking while machinery from migrating cells is specifically required for apical 
integrin trafficking (Figure 6.1A). The phagocytic integrin heterodimer is apically 
enriched on the retinal pigment epithelium (RPE) cells, and is required for cyclic 
phagocytosis. As improper clearance in these cells can result in diseases such as retinitis 
pigmentosa or age-related macular degeneration, a greater understanding of how integrin 
heterodimers are trafficked in epithelial cells may be critical to treatment of some of these 
diseases. These results suggest that migrating and engulfing cells may have more in 
common than previously thought. Also, like in mammals, the same α subunit is utilized 
for engulfment by professional and non-professional phagocytes and by migrating cells.  
 
6.1.1 Open questions and future directions 
 While we have uncovered many components of the machinery required for 
integrin trafficking within an engulfing cell, much remains to be determined. Here, I will 
address open questions and future directions of this research. 
 The first open question: what is the ligand for integrins during engulfment? The 
best studied ligand or “eat-me” signal during apoptotic and necrotic cell death is the lipid 
phosphatidylserine (PS) on the outer membrane of the dying cell. In mammals, integrins 
are thought to bind to PS through the use of a bridging molecule, usually milk fat 
globule-EGF factor 8 (MFG-E8) (Nandrot et al., 2007, Ruggiero et al., 2012, Yamazaki 
et al., 2014). In C. elegans, it is known that integrin-mediated engulfment requires the 
activity of a phospholipid scramblase which promotes PS exposure (Hsu and Wu, 2010), 
however whether integrins bind PS for clearance in C. elegans or Drosophila is still 
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unclear. The germline of the Drosophila ovary dies apoptotically, suggesting that PS 
exposure may occur. Experiments are currently underway to investigate whether PS 
exposure occurs during mid-stage cell death. Another possibility is that integrins bind and 
recognize a ligand from the extracellular matrix (ECM). While there is not much ECM 
present between the FCs and the germline, there is some present in healthy egg chambers. 
The presence or absence of ECM in dying egg chambers has not been investigated. To 
address either of these possibilities, pull-downs with αPS3 and Draper can be performed 
to identify the ligand for both receptors. 
 Integrins have the ability to be activated via “inside-out” or “outside-in” 
signaling: how are integrins being activated initially and throughout engulfment? The 
possibility presented above suggests that integrins need to be activated using a ligand. 
Alternatively, integrins could be activated internally. Integrins are unique in the ability to 
be activated by binding to a ligand (“outside-in” activation) or activated by binding to a 
protein via their intracellular domain (“inside-out” activation). It is also possible that 
integrins utilize both forms of activation during engulfment. Over-expression of αPS3, 
despite having premature apical enrichment of αPS3/βPS, does not result in hyper- or 
premature engulfment. This suggests that integrins require activation before they are 
capable of engulfing. This activation could come from within or outside the cell, though. 
It is possible that the ligand is induced by death or that expression of the cytoplasmic 
protein is activated or induced by an engulfment signal. As loss of either integrin subunit 
results in defects early in engulfment, it seems likely that “outside-in” activation is at 
least initially required. 
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 We found that αPS3 is required for the correct localization and function of the 
integrin heterodimer: how is αPS3 targeted to the apical surface only within engulfing 
cells? In the Drosophila ovary, αPS3/βPS is present only at the apical surface while βPS 
heterodimerizes with other α subunits on the lateral and basal surfaces of the follicle 
cells. In the mammalian retinal pigment epithelium (RPE), the phagocytic heterodimer 
αν/β5 is present only on the apical surface. Unlike in the follicle cells, the phagocytic α 
subunit, paired with a different β subunit, is also present on the basal surface of these 
cells. We found that αPS3 is required for the localization and function, but that may be 
because αPS3 is not functionally required in healthy follicle cells during mid-oogenesis. 
This brings up another related question: are integrin heterodimers trafficked separately or 
jointly? There could also be a structure or domain that is not subunit specific but 
heterodimer specific, which would explain how the phagocytic integrin heterodimer is 
apically localized in the Drosophila ovary and the mammalian retina. A comparative 
analysis of the sequences of αPS3, βPS, αν, and β5 and each heterodimer may provide 
more insight into how phagocytic integrin heterodimers are apically localized. 
 Is there inhibition of αPS3/βPS trafficking by a basally localized integrin 
heterodimer? Inhibition of one heterodimer in favor of another heterodimer has been 
shown before (Das et al., 2014, Morse et al., 2014). Typically, this is due to selective 
recycling of one heterodimer over another, but, our results suggest that heterodimer 
inhibition may be playing a role during integrin trafficking during engulfment. There are 
several hypotheses as to how trafficking or recycling of one integrin heterodimer affects 
that of another. The first possibility is that the inhibition is due to simple competition 
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over the same trafficking machinery. However, as only certain heterodimers are present 
on apical versus basal surfaces, this does not seem to be likely. Another possibility is that 
in order to up-regulate the trafficking machinery for one heterodimer, the current 
heterodimer must be degraded to allow for new heterodimer to be produced and 
trafficked. This seems unlikely as very few of the other integrin heterodimers within the 
follicle cells are present on the apical surface. A third possibility is that integrin 
heterodimers which are required for opposing functions within a cell inhibit the 
trafficking of each other so as to reduce excessive negative feedback when they are 
present on the cell surface. This possibility will be discussed further below. However, this 
possibility does not address how integrin heterodimers are capable of inhibiting each 
other. Biochemical methods may be required to tease apart the exact protein levels and 
localization within a follicle cell during trafficking to address this question. 
 A slightly elevated amount of αPS3 or βPS on the basal surface of the follicle 
cells was sufficient for inhibition of engulfment: how do basally localized integrins 
inhibit engulfment? One possibility is that basally localized integrin play a very different 
function within follicle cells, adhesion, and the follicle cells can only engulf when they 
have a low level of adhesion. This could be due to the follicle cells’ requirement for 
considerable enlargement (approximately four-to-five fold) during engulfment. Perhaps 
enlargement is not possible if the basal membrane is anchored to the basement membrane 
too much. Another possibility is that integrin heterodimers are not only capable of 
inhibiting the trafficking of another heterodimer but also the function. This could be due 
to competition for the same downstream signaling machinery, such as Talin. However, 
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Talin still localizes normally in follicle cells over-expressing either integrin subunit, 
suggesting that this may not be the case. A third possibility is that too much basally 
localized integrin heterodimer may affect the physical properties of the follicle cells, 
making it difficult to find additional membrane with which to enlarge the follicle cells. 
Support for this model comes from the observation that follicle cells with lower levels of 
basally localized αPS3/βPS are capable of enlarging at an intermediate level, in between 
that of wild-type follicle cells and that of βPS over-expressing follicle cells.  
 Engulfing cells utilize much of the same integrin trafficking machinery as 
migrating cells: is this intrinsic to epithelial cells, integrin trafficking, or do engulfing and 
migrating cells share more in common? This addresses one of the bigger questions 
brought up by the integrin trafficking research. We found that integrin trafficking 
machinery from migrating cells is also utilized for integrin trafficking in the engulfing 
epithelial follicle cells of the Drosophila ovary. This machinery could be shared for 
several reasons. First, integrins are known to play a role in engulfment, migration, and 
several other cellular processes. Integrin trafficking machinery may be differentially 
utilized depending on the heterodimer being trafficked and not the function of that 
heterodimer. Second, epithelial cells are capable of engulfing and migrating, suggesting 
that they may already have the integrin trafficking machinery from migrating cells simply 
because they are also migratory cells, in different situations. A third possibility is that 
engulfing and migrating cells are more similar than previously thought. We noted while 
performing our experiments that several core engulfment genes are also required for 
different types of migration. This suggests that engulfment may play a role in some 
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migratory cells and/or that migration machinery may play a role in engulfment by 
professional and non-professional phagocytes. An answer to this question would require 
an investigation of the engulfment machinery in several types of migrating cells, and vice 
versa, requiring a systematic approach to engulfment and migration within an organism. 
 
6.2 Summary of findings: Components of the engulfment machinery have distinct 
roles in corpse processing 
 We investigated the role of the canonical corpse processing pathway during 
engulfment by the epithelial follicle cells and found that much of the machinery is shared. 
The GTPases Rab5 and Rab7 are apically enriched in healthy mid-stage egg chambers 
and co-localize with the vesicle marker cleaved Dcp-1. We also found that the 
engulfment receptor Draper co-localizes with vesicles that are positive for Rab7 and 
phosphatidylinositol 3-phosphate near the apical surface of the follicle cells whereas 
αPS3 is maintained on the apical surface throughout engulfment. We investigated these 
genes and other core engulfment genes and found three distinct categories of defects: 1) 
internalization only (αPS3, kayak); 2) internalization and phagosome maturation (Ced-12, 
Src42A); and 3) internalization, phagosome maturation, and acidification (draper). We 
also investigated the role of the canonical corpse processing machinery in engulfment and 
corpse processing and found that loss of Shibire (Dynamin) or Rab5 resulted in defects 
similar to those seen in draper mutants. Surprisingly, loss of the lysosomal processing 
gene deep orange (encoding VPS-18) resulted in excessive uptake during engulfment 
(Figure 6.1B). Vesicles in deep orange knockdowns become Rab7-positive at the same 
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rate as in control genotypes, but acidification is reduced and the acidified vesicles are 
smaller on average than those in controls. Together, my findings suggest that there is 
significant cross-talk between the core engulfment machinery and the canonical corpse 
processing machinery. This also suggests that there is a form of negative feedback within 
the follicle cells to ensure that follicle cells do not engulf beyond their capabilities.   
 
6.2.1 Open questions and future directions 
 While we have determined that several core engulfment genes are required for 
corpse processing, much about corpse processing in an epithelial layers still remains 
unanswered. Here, I will address open questions and future directions of this research. 
 The first unanswered question: do Rab5 and Rab7 endosomes become apically 
enriched in the absence of a starvation signal and if so, what is the signal? This is an 
important question, as the apical enrichment suggests that the follicle cells are prepared 
for phagosome maturation in healthy egg chambers. However, this could be due to a 
starvation signal or intrinsic to Rab5 and Rab7 endosomes. These endosomes are apically 
enriched throughout oogenesis, suggesting that they are not apically enriched due to yolk 
production, which is not performed until mid-oogenesis. The answer to this question can 
answer whether epithelial follicle cells are primed to engulf only when the fly has been 
stressed or if endosomes are normally trafficked to the apical surface, regardless of the 
state of the cell. We are currently investigating whether apical enrichment still occurs in 
the absence of a starvation signal.  
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 Draper co-localizes with apically enriched vesicles that are also 
phosphatidylinositol 3-phosphate- and Rab7-positive: how is Draper removed from the 
phagosome and is this removal required for subsequent processing? Most likely, Draper 
is removed from the phagosomes and recycled back to the cell surface or degraded. 
However, the question is: what is the signal for Draper recycling? Much is known about 
how integrins and other receptors are recycled in migratory cells, but less is known about 
how receptors are trafficked during engulfment. This process may be required for 
maintaining the phagocytic capability of the follicle cells, suggesting that identification of 
these genes may provide crucial information for diseases caused by defects in 
phagocytosis. 
 We found that Crq is not required in the follicle cells for engulfment, however, we 
still saw abnormalities in these mutants: what is the role of crq in mid-oogenesis? As crq 
mutants have defects in nurse cell chromatin fragmentation, resulting in some “undead” 
egg chambers and all “normal” dying egg chambers had defects in the first round of nurse 
cell chromatin fragmentation, Crq may be required for sending death signals to the nurse 
cells from the follicle cells. Investigation of all engulfment defective mutants thus far 
have shown defects in the last step of nurse cell chromatin degradation (see Chapter 3). 
This suggests that signals from the follicle cells may be required for nurse cell chromatin 
degradation, and that Crq may be required for the initiation of this process. Knocking 
down Crq in specific tissues is required to answer this question. 
 Ced-12 and Src42A are required for efficient phagosomal maturation: how are 
they specifically required for corpse processing? As the GEF for Rac1, Ced-12 may be 
 191  
required for phagosome maturation indirectly by activation of Rac1, which may be 
required for phagosome maturation. Ced-12 may also activate another GTPase required 
for phagosome maturation. On the other hand, Src42A may activate Draper, resulting in 
defects in phagosome maturation. Conversely, both may be required in a more direct 
manner, potentially being recruited to phagosomes in order to activate proteins for 
efficient phagosome maturation. Site-directed mutagenesis and biochemical experiments 
could provide more information on how engulfment machinery is affects corpse 
processing in an epithelial layer. 
 Loss of dor resulted in excessive vesicle uptake during engulfment: how does Dor 
functionally inhibit vesicle uptake? Considerable amount of research has been performed 
investigating the positive regulators of engulfment and corpse processing, however, very 
little is known about negative regulators of either process. Loss of dor results in an 
excessive number of engulfed vesicles which are processed normally until the final step 
of acidification. A point of interest is whether there are more negative regulators all at the 
step of acidification or if Dor is unique in its ability to serve as a negative regulator. One 
possibility is that Dor signals to Draper or another protein at the cell surface. Another 
possibility is simply that Dor is crucial for the production of lysosomes and indirectly 
leads to an accumulation of vesicles since they cannot be properly degraded. However, as 
there are a considerable number of vesicles seen in phase 1, this seems unlikely, as there 
are normally only a few vesicles taken up in phase 1. These possibilities may be teased 
apart using genetic and biochemical studies.  
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6.3 Summary of findings: The role of GTPases and JNK signaling during 
engulfment 
 We investigated the role of the Rho family of GTPases during engulfment and 
found that Rac2 is induced during engulfment whereas Rac1 expression pattern and level 
does not change. Both Rac1 and Rac2 are required for proper engulfment, however Rac2 
is not required for initial vesicle uptake but is required for enlargement of the follicle 
cells, whereas Rac1 is required for enlargement and vesicle uptake. We also investigated 
the interaction of both Rac1 and Rac2 with the JNK pathway, which we had previously 
shown to be required for engulfment (Etchegaray et al., 2012). We found that, as in non-
engulfing cells, Rac1 is required for the activation of the JNK pathway. Conversely, loss 
of Rac2 had no defects in the activation of the JNK pathway. Surprisingly, Rac2 is also 
not a target of the JNK pathway, but of Rac1. All of this suggests that GTPases have 
differential functions at the level of signal induction but cooperate in terms of follicle cell 
enlargement.  
 
6.3.1 Open questions and future directions 
 While we have begun to understand the function of Rho family GTPases during 
engulfment, much is still unclear. Here, I will address open questions and future 
directions of this research. 
 The first open question: what induces Rac2 during engulfment? Due to the 
increase in Rac2 seen in mid-engulfment, we hypothesized that the JNK pathway induced 
Rac2. However, as shown in Chapter 5, loss of the transcription factor kayak does not 
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result in defects in GFP-Rac2 induction. Surprisingly, loss of Rac1 results in a strong 
delay in GFP-Rac2 induction, suggesting that it plays a role in Rac2 induction. It is still 
unknown if Rac1 is directly required for Rac2 induction or if Rac1 activates another 
pathway which then activates Rac2. 
 Rac2 has two different isoforms: is the GFP transgene responsive to both isoform 
production? This question is important for understanding the model of Rac2 within 
healthy and engulfing follicle cells. As GFP is inserted in-frame at the ATG codon for 
Rac2 (Abreu-Blanco et al., 2014), suggesting that it should serve as a reporter for both 
isoforms. However, in situ hybridizations against individual isoforms is the best way to 
answer this question. The increase in Rac2 could also be due to a translational increase, 
as in the professional phagocytes of Drosophila (Xiao et al., 2015). This occurs as the 
ribosomal protein S6 is degraded, allowing for an increase in Rac2 (Xiao et al., 2015). In 
order to test this alternative, mutants for the E3 ligase and ribosomal protein S6 should be 
investigated to determine if they are required for Rac2 induction in our system as well.  
 Loss of Rac2 resulted in defects in follicle cell enlargement only: how does Rac2 
lead to follicle cell enlargement? Rac1 is thought to lead to cytoskeletal rearrangements, 
and our results show that it is required for both vesicle uptake and follicle cell 
enlargement. However, Rac2 showed some vesicle uptake but little to no follicle cell 
enlargement. These results suggest that Rac1 is required early in engulfment, while Rac2 
is required more during mid-engulfment. Rac2 may interact more directly with actin for 
cytoskeletal rearrangements, however more biochemical experiments are required to 
answer this question. 
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 Rac1 and Rac2 have differential effects during engulfment, especially in terms of 
JNK activation: what is the interaction between Rac1 and Rac2? Rac1 leads to the 
activation of Rac2, suggesting that there is cross-talk between these two GTPases that is 
independent of the JNK pathway. This question can be addressed further using double 
knockdown and negative epistasis experiments. These experiments are currently 
underway. 
 What is the biological reason to have two GTPases that both are required for 
follicle cell enlargement? And beyond that, why have one of those GTPases activate the 
other one? This may echo the amplification required for follicle cell enlargement during 
the mid phases of engulfment. The follicle cells during phase 3 of engulfment have 
enlarged four-to-five fold from healthy (phase 0) egg chambers. Most of this occurs 
between phases 2 and 3 of engulfment, suggesting that there are significant physical 
changes required for the transition from early- to mid-engulfing follicle cells. This also 
suggests that there are significant molecular changes required for this transition, most 
likely reliant on gene amplification to do so. 
 
6.4 Concluding remarks 
 When this research began, we had begun to uncover the machinery required for 
engulfment by non-professional phagocytes, yet was still unknown. We used the 
Drosophila ovary to investigate the role of integrins, the cross-talk between engulfment 
and corpse processing machinery, and the role of GTPases and the JNK signaling 
pathway during engulfment by the epithelial layer that function as non-professional 
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phagocytes. We explored how integrin heterodimers are trafficked within an engulfing 
cell and identified several novel engulfment genes. We also examined the potential cross-
talk between engulfment and corpse processing machinery within engulfing cells and 
found a new role for Ced-12 and Src42A in phagosome maturation. Lastly, we studied 
the role of GTPases during engulfment and found that the small GTPases Rac1 and Rac2 
have differential functions in term of JNK pathway activation. Overall, the work 
presented in this dissertation provides greater insight into the molecular changes required 
for epithelial cells to become phagocytic. 
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Figure 6.1 A combined model of the molecular changes occurring during mid-stage 
engulfment. 
 
(A-C) A diagram of an engulfing follicle cell showing the molecular changes required for 
receptor localization, corpse processing, and follicle cell enlargement. (A) A summary of 
integrin trafficking during engulfment. Cell polarization sets up the directionality of 
integrin trafficking and integrin trafficking machinery from migrating cells shuttle newly 
produced integrin heterodimers to the apical surface. (B) A summary of the core 
engulfment pathways and how they cross-talk to the corpse processing machinery. In 
later phases of engulfment, integrins work through the canonical pathway including 
Src42A, Fak56D, Ced-5, and Ced-12. Another protein activates Ced-5 and Ced-12 
initially. Draper works in a pathway partially parallel to that of integrins, both pathways 
converge on Rac1 as in C. elegans. Draper feeds directly into the corpse processing 
pathway, but how Ced-12 and Src42A feed into the corpse processing is still unclear. (C) 
A summary of the role of Rac1 and Rac2 during engulfment and how they affect the JNK 
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signaling pathway. Rac1 is activated by the unconventional GEF (Ced-5/Ced-12) to 
activate the JNK pathway. Rac2 also drives follicle cell enlargement in mid-dying egg 
chambers. Rac1 is required for Rac2 induction, independent of the JNK pathway. 
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APPENDIX A 
The Role of Calcium in Oogenesis 
(A portion of this appendix was previously published in Timmons et al., 2013) 
 
An increase in calcium has been associated with cell death and phagocytosis (Li 
et al., 2010, Nunes and Demaurex, 2010). We investigated the role of calcium release and 
signaling during mid- and late stage oogenesis cell death and engulfment. We used four 
different tools to study the role of calcium throughout oogenesis: live dyes Fluo-4 and X-
rhod-1, GFP reporters GCaMP3, and mutant calmodulin kinase lines. 
Cytosolic calcium in Drosophila oogenesis was previously observed in nurse cell 
nuclei of stage 10 egg chambers and within the cytoplasm in stage 11 egg chambers using 
the indicator dye, Indo-1 (Matova et al., 1999). Apoptosis has been shown to play a very 
minor role during developmental nurse cell death (Baum et al., 2007, Nezis et al., 2010, 
Peterson and McCall, 2013), so we sought to investigate and compare the role of calcium 
release and signaling in apoptotic and non-apoptotic cell death. To study calcium release, 
we used fluorescent indicators and GFP reporters. While both Fluo-4 and X-rhod-1 were 
detectable in the ovary, X-rhod-1 was more consistent. Surprisingly, in early stages of 
oogenesis, X-rhod-1 was detected in only some of the follicle cells, but not in the same 
subset of follicle cells in each egg chamber. As oogenesis proceeded, more follicle cells 
became positive for the calcium indicator, but the anterior and posterior (terminal) 
follicle cells became the most positive. As GR1-GAL4 crossed to UAS-GFP also showed 
stronger GFP expression in the terminal follicle cells (Figure 2.1 and Etchegaray et al., 
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2012), this suggests that the terminal follicle cells behave differently than the main body 
follicle cells. The terminal follicle cells could either be more active than the main body 
follicle cells, or they could have less protein degradation and turnover than the main body 
follicle cells. In late oogenesis, we saw what was previously described (Matova et al., 
1999):very low levels of calcium co-localized with nurse cell nuclei in stage 10 egg 
chambers (Figure A.1A, asterisk) and this calcium was released into the cytoplasm in 
stage 11 egg chambers (Figure A.1A, arrow).  
In addition to fluorescent indicators, we used transgenic calmodulin GFP reporter 
(GCamp3) lines which fluoresce in response to free calcium to investigate the follicle 
cell-specific pattern of calcium. These reporter lines showed the same expression pattern 
of X-rhod-1 in early and mid-oogenesis (Figure A.1A-B), splotchy in early oogenesis and 
terminal in mid-oogenesis (Figure A.1C-E). However, in late oogenesis, no expression 
was seen co-localizing with nurse cell nuclei, supporting our conclusions that the X-rhod-
1 labeling in stages 10 and 11 is due to calcium generated and released by the nurse cells. 
The follicle cells in late oogenesis were still GFP-positive (Figure A.1F), but since X-
rhod-1 does not show any labeling (Figure A.1A), this suggests that this is solely due to 
basal levels of the reporter. This expression pattern was also quantified in Figure A.2F. 
Since calcium is released during early, mid, and late oogenesis, we wanted to 
investigate calcium signaling through calmodulin. Calmodulin kinase II requires calcium 
for activation, but then can become calcium-independent (Pasek et al., 2015). To 
investigate the role of CaMKII during apoptotic and non-apoptotic cell death, as well as 
engulfment, we obtained dsRNA lines against CaMKII and other specific CaMKII mutant 
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lines (Table A.1). The dsRNA lines expressed in either germline or follicle cells resulted 
in no defect in death or engulfment, but one of the mutant lines had a subtle phenotype in 
mid-oogenesis. Expression of CaMKII that cannot achieve calcium independence 
resulted in some defects in the enlargement of the terminal follicle cells and death of the 
main body follicle cells (Figure A.2A-C). Conversely, expression of calcium-
independent, or constitutively active, CaMKII did not result in any defects during 
engulfment (Figure A.2D-D’’). These mutant lines showed no defect in clearance of 
nurse cells during late oogenesis, suggesting that calcium may be required for engulfment 
of apoptotic cells, but not the death or clearance of cells that die non-apoptotically. 
Overall, we investigated the expression and role of calcium release during cell 
death and engulfment in mid- and late oogenesis. Calcium levels are higher in the follicle 
cells during mid-oogenesis and nurse cells during late oogenesis. Disrupting the ability of 
CaMKII to become calcium-independent resulted in subtle defects in follicle cell 
enlargement, suggesting that while calcium is released within the follicle cells during 
mid-oogenesis, there are not sufficient levels to maintain efficient CaMKII signaling. 
Calcium release in the nurse cells during developmental nurse cell death may suggest a 
role for necrosis in nurse cell death, although disruptions of CaMKII expression and 
signaling did not cause major defects. This could be due to an incomplete knockdown by 
the dsRNA lines. More work needs to be done to investigate the role of CaMKII 
signaling during developmental nurse cell death.  
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Figure A.1 X-rhod-1 and GCaMP3 show distinct patterns of calcium release during 
oogenesis. 
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(A-B) Wild-type egg chambers stained with the live calcium indicator X-rhod-1 (red). 
(A) Conditioned ovaries show calcium release in several different stages, from stage 8 to 
11. In stage 8 egg chambers, there is considerable calcium detected within the cytoplasm 
of the nurse cells and within the follicle cells (arrowhead). In late 9 or early 10 egg 
chambers, there are low levels of calcium within the nurse cell nuclei (asterisk). By stage 
11 egg chambers, the calcium has been released and is cytoplasmic again (arrow). (B) In 
dying egg chambers, the amount of calcium release within the follicle cells increases 
(arrowheads) compared to that of a healthy egg chamber (asterisk). (C-E) Egg chambers 
expressing GCaMP3 (green) in the follicle cells show splotchy expression in early 
oogenesis (C) and terminal expression in healthy (D) and dying (E) mid-oogenesis egg 
chambers. (F) Quantification of the expression patterns of GCaMP3 throughout 
oogenesis under the expression of GR1-GAL4. 
Credit: Images C-D and quantifications by Tori D. Gartmond  
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Table A.1 Lines obtained to manipulate CaMKII signaling. 
Stock Genotype Notes 
22325 y[1] w[1118]; P{w[+mC] y[+mDint2]=EPgy2}CaMKII[EY14097] Overexpression 
29401 y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF03336}attP2 dsRNA 
29663 w[*]; P{w[+mC]=UAS-CaMKII.T287A}3B3 Ca
2+ dependent 
29664 w[*]; P{w[+mC]=UAS-CaMKII.T287D}6B1 Ca
2+ independent 
35330 y[1] sc[*] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.GL00237}attP2/TM3, Sb[1] dsRNA 
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Figure A.2 Disruption of CaMKII signaling leads to a defect in engulfment by main 
body follicle cells. 
 
(A-C’) Mutant egg chambers (C323-GAL4/CaMKIIT287A) from starved flies stained with 
DAPI (cyan) and Discs large (red). (A-A’) Healthy egg chambers are normal and have no 
major defects. (B-B’) Mid phase dying egg chambers occasionally have death of the main 
body follicle cells and some defects in enlargement. (C-C’) Some egg chambers 
expressing calcium-dependent CaMKIIT287A in the follicle cells result in lingering 
 205  
germline. (D-D’’) Mutant egg chambers (GR1-GAL4/CaMKIIT287D) from starved flies 
stained with DAPI (cyan) and Discs large (red). These egg chambers have no engulfment 
defects.  
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APPENDIX B 
The Requirement for Integrin Signaling in Late Oogenesis 
(Portions of this appendix were previously published in Timmons, 2015) 
 
 
   There are many similarities between the engulfment of apoptotic nurse cells in 
mid-oogenesis, and the clearance of nurse cells during non-apoptotic cell death in late 
oogenesis.  Since we saw a requirement for integrins in starvation-induced mid-oogenesis 
engulfment, we investigated a role for integrin signaling in developmental late oogenesis 
nurse cell death. To do so, we screened through the different subunits using antibodies 
and dsRNA lines. We also investigated many of the genes known for integrin signaling 
that were shown to be required for engulfment in mid-oogenesis. 
 We screened through five of the seven subunits using available antibodies 
(Brower et al., 1984, Wada et al., 2007, Nagaosa et al., 2011) and found that much like in 
mid-oogenesis, αPS3 and βPS become enriched on the stretch follicle cells, starting in 
stage 10 (Figure B.1A). Both subunits continued increasing throughout late oogenesis, 
surrounding the nurse cell nuclei (Figure B.1B-D). Next, we screened through all seven 
subunits using dsRNA lines (Table B.1) and also found that αPS3 and βPS are required in 
the follicle cells for the clearance of nurse cell nuclei (an average of 2.5 and 5 out of 15 
persisting nuclei, respectively, Figure B.2). However, these mutant egg chambers often 
had dying, Dcp-1-positive follicle cells (Figure B.2A). This suggests that integrins may 
play a different role in late oogenesis than in mid-oogenesis. Loss of integrins has been 
associated with anoikis, which is cell death induced by lack of adhesion to the ECM or 
other cells (Gilmore, 2005). In order to test this hypothesis, we investigated the signaling 
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partners found in mid-oogenesis to determine if integrin signaling is required for nurse 
cell clearance. 
 First, we investigated integrin activation by Talin and Pinch, and found that both 
had defects in nurse cell clearance. However, both Talin and Pinch are required for 
integrin activation in adhesion and migration (Calderwood and Ginsberg, 2003, Legate et 
al., 2006), suggesting that Talin and Pinch may be required for all integrin signaling. 
Since integrins usually signal through tyrosine kinases, we next investigated Src42A and 
Fak56D. Surprisingly, loss of Src42A resulted in a severe clearance defect (an average of 
8 out of 15 persisting nuclei) but loss of Fak56D did not have a defect (Figure B.2C). 
Src42A has been shown to activate another engulfment receptor, Draper (Ziegenfuss et 
al., 2008), suggesting that since Src42A has such a strong defect in late oogenesis, 
Src42A may not be activated by integrins but may function in Draper signaling.  
 We also investigated whether the same integrin trafficking genes required in mid-
oogenesis were also required in late oogenesis. Interestingly, cell polarity genes had a 
defect in clearance and “escaping” nurse cells (Kleinsorge, 2015) and Syntaxin 5 had a 
defect in development of egg chambers, suggesting that defects in protein release from 
the Golgi is required for normal development. Loss of Clasp and Shot had no defect in 
nurse cell clearance, but loss of Shot results in dark circles visible with DIC microscopy 
(Figure B.3). We hypothesize that these are aggregates of Golgi, or other organelles, 
which may suggest that Golgi or other organelles are normally broken down immediately 
preceding follicle cell death in stage 14 egg chambers.  
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 Recently, our lab has investigated the role of another engulfment receptor, Draper, 
in the follicle cells during late oogenesis (Timmons, 2015). Loss of Draper resulted in 
considerable numbers of persisting nuclei (an average of 8 out of 15, (Timmons, 2015). 
As integrins also become enriched during late oogenesis, we knocked down αPS3 in 
conjunction with complete loss of draper. Loss of draper and αPS3 resulted in very 
strong defects, with no egg chambers with less than 7-9 persisting nuclei and 30% with 
13-15 persisting nuclei (Figure B.4). A third engulfment receptor, Crq, is generally 
studied in professional phagocytes. However, an undergraduate in the lab, Corey Habib, 
determined that Crq becomes up-regulated in the stretch follicle cells during late 
oogenesis. As loss of draper and αPS3 together did not result in all 15 nurse cell nuclei 
persisting (Figure B.4), we sought to determine if Crq was responsible for the nuclei that 
are still cleared. Loss of crq alone resulted in slightly more persisting nuclei than 
controls, but not as many as loss of draper or αPS3 alone. When compared to loss of 
draper and αPS3 together, the additional loss of crq resulted in a slight increase in 
number of persisting nuclei (Figure B.4). This suggests that Crq may play a role in 
clearance during late oogenesis. 
Taken together, these results suggest that integrins are required for adhesion 
during late oogenesis and not for downstream signaling. Loss of the tyrosine kinases 
Src42A and Fak56D suggest that integrins are not working through both tyrosine kinases 
as in mid-oogenesis, as only Src42A is required for nurse cell clearance. Both Talin and 
Pinch are required for nurse cell clearance and mimic loss of βPS and αPS3, respectively. 
These are actin-binding proteins and adaptors, that function downstream of integrins in 
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many situations, including cell adhesion. We also investigated the loss of the trafficking 
genes utilized in mid-oogenesis for apical localization of αPS3/βPS and found that they 
are not required for nurse cell clearance. These results suggest that integrins may be 
playing a different role in nurse cell clearance during late oogenesis, most likely due to 
the fact that during developmental cell death nurse cells die non-apoptotically.     
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Figure B.1 αPS3 and βPS become enriched on the stretch follicle cells during late 
oogenesis. 
 
(A-D) Egg chambers (genotype: tub-Gal80ts/+; UAS-βPSdsRNA/+) from conditioned flies 
stained with DAPI (cyan), anti-αPS3 (green), and anti-βPS (magenta). (A) In stage 10 
egg chambers, αPS3 and βPS are present on the stretch follicle cells on the surface of the 
egg chamber (arrows). βPS is present in all follicle cells while αPS3 is not (compare 
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yellow arrowheads). (B) In stage 11 egg chambers, αPS3 and βPS are enriched on the 
stretch follicle cells that are surrounding the nurse cells (arrows). (C) In stage 12 egg 
chambers, αPS3 and βPS are enriched specifically on the stretch follicle cells touching 
the nurse cells (arrows). (D) In stage 13 egg chambers, αPS3 and βPS are still enriched 
on the follicle cells touching the nurse cells (arrows).  
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Table B.1 List of dsRNA lines screened in late oogenesis. 
Defect seen in late oogenesis 
Moderate to severe 
Mild or variable 
No PN phenotype 
 
Gene Stock Genotype Notes 
scb 27545 y1 v1; P{y[+7.7] v[+t1.8]=TRiP.JF02696}attP2  
scb 38959 y1 sc* v1; P{y[+7.7] v[+t1.8]=TRiP.HMS01873}attP40  
mys 33642 y1 v1; P{y[+7.7] v[+t1.8]=TRiP.HMS00043}attP2 
DA malformed; 
round eggs 
talin 28950 y1 v1; P{y[+7.7] v[+t1.8]=TRiP.HM05161}attP2 DA malformed 
talin 32999 y1 sc* v1; P{y[+7.7] v[+t1.8]=TRiP.HMS00799}attP2 DA malformed 
Src42A 100708 P{KK108017}VIE-260B  
Rab35 28342 y1 v1; P{y[+7.7] v[+t1.8]=TRiP.JF02978}attP2  
shi 5822 
w[*]; TM3, P{w[+mC]=UAS-shi.K44A}3-10/TM6B, 
Tb[1] 
 
shi 3799 w[1118]; P{GD1529}v3799/TM3  
shi 105971 P{KK101444}VIE-260B  
Chc 27530 y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF02681}attP2  
Pinch 31536 y1 v1; P{y[+7.7] v[+t1.8]=TRiP.JF01096}attP2  
Pinch 31537 y1 v1; P{y[+7.7] v[+t1.8]=TRiP.JF01097}attP2  
Rab8 27519 y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF02669}attP2 * 
Rab8 34373 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01363}attP2 
* 
Arf6 51417 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.GLC01795}attP2 
* 
Syx5 29397 y1 v1; P{y[+7.7] v[+t1.8]=TRiP.JF03330}attP2 
Defects in 
oogenesis 
shot 28336 y1 v1; P{y[+7.7] v[+t1.8]=TRiP.JF02971}attP2 
Spots (Fig. 
B.3) 
Clasp 34669 y1 sc* v1; P{y[+7.7] v[+t1.8]=TRiP.HMS001146}attP2 -- 
numb 35045 y1 sc* v1; P{y[+7.7] v[+t1.8]=TRiP.HMS01459}attP2 -- 
Fak56D 33617 y1 v1; P{y[+7.7] v[+t1.8]=TRiP.HMS00010}attP2 -- 
mew 27543 y1 v1; P{y[+7.7] v[+t1.8]=TRiP.JF02694}attP2 -- 
mew v44890 w1118; P{GD1230}v44890 -- 
if 27544 y1 v1; P{y[+7.7] v[+t1.8]=TRiP.JF02695}attP2 -- 
if v44885 w1118; P{GD1175}v44885 -- 
if v100770 P{KK108544}VIE-260B -- 
αPS4 28545 y1 v1; P{TRiP.HM05031}attP2/TM3, Sb1 -- 
αPS5 v6647 w1118; P{GD2181}v6647 -- 
αPS5 v100120 P{KK103807}VIE-260B -- 
αPS5 v6646 w1118; P{GD2181}v6646 -- 
mys 27735 y1 v1; P{y[+7.7] v[+t1.8]=TRiP.JF02819}attP2 -- 
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βν 28601 y1 v1; P{y[+t7.7] v[+t1.8]=TRiP.HM05089}attP2 -- 
βν v40895 w1118; P{GD2503}v40895 -- 
talin 33913 y1 sc* v1; P{TRiP.HMS00856}attP2 -- 
RhoGAP 31070 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF01520}attP2/TM3, Ser[1] -- 
Grasp 34082 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01093}attP2 -- 
Rab2 28701 y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF03117}attP2 -- 
Rab2 34922 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01271}attP2 -- 
Rab4 33757 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01100}attP2 -- 
Rab9 31688 y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF01861}attP2 -- 
Rab9 42942 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS02635}attP40 -- 
Rab14 28708 y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF03135}attP2 -- 
Rab14 34654 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01130}attP2 -- 
shi 28513 y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF03133}attP2 -- 
shi 36921 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00154}attP2 -- 
Chc 34742 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01222}attP2 -- 
Arf6 27261 y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF02549}attP2 -- 
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Figure B.2 αPS3 and βPS are required in the follicle cells for nurse cell clearance. 
 
(A) Loss of αPS3 in the follicle cells results in persisting nuclei. Some of the persisting 
nuclei �are surrounded by active Dcp-1 (arrows), suggesting that the follicle cells die 
without αPS3. (B) Quantification of persisting nuclei in egg chambers expressing dsRNA 
against αPS3, βPS, or Src42A.  
 
Credit: Quantifications by Jeffrey D. Taylor. 
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Figure B.3 Loss of short stop (shot) results in unknown dark aggregates visible by 
DIC. 
 
A stage 13 egg chamber from a starved fly expressing shotdsRNA specifically in the follicle 
cells. Around the dorsal appendage, there are black spots (arrows) that are only visible 
under the DIC. 
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Figure B.4 Quantification of the persisting nuclei in egg chambers without the 
engulfment receptors Crq, Draper, and αPS3. 
 
A graphical representation of the number of persisting nuclei remaining in egg chambers 
of various genotypes. The control (w1118) egg chambers have very few (<5%) of egg 
chambers with persisting nuclei (PN). Those with PN have very few (1-3 PN). Loss of 
crq (crqK092/K092) alone results in a greater number of egg chambers with PN (1-3 PN). 
Loss of draper and αPS3 together (crqK092/+; draper αPS3dsRNA/draper GR1-GAL4) 
results in considerably more persisting nuclei compared to control or loss of crq alone (an 
average of 11 out of 15 compared to 0.74). All egg chambers have some PN and 30% 
have 13-15 PN. Loss of crq, draper, and αPS3 (crqK092/K092; draper αPS3dsRNA/draper 
GR1-GAL4) has a more severe phenotype than loss of draper and αPS3 (an average of 
12.06 out of 15 compared to 11). Again, all egg chambers have some PN, but no egg 
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chambers have less than 7-9 PN and several more have 13-15 PN. The number of egg 
chambers counted for each genotype were: 92 for w1118, 19 for crq, 13 for draper αPS3 
doubles, and 17 for crq, draper, and αPS3 triples. A two-tailed t-test was performed and 
no statistical difference was observed between the double and triple mutants. 
 
Credit: Albert Mondragon  
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APPENDIX C 
The Requirement for DNases in Oogenesis 
 
 In Drosophila, DNA fragmentation during apoptosis is regulated by a caspase-
activated DNase (CAD), which in turn is inhibited by ICAD (Mukae et al., 2000). ICAD 
is also required for stabilizing CAD, such that loss of ICAD does not result in an over-
expression of CAD, but instead leads to a loss of CAD (Mukae et al., 2002). Previously, 
our lab investigated the role of ICAD in mid-oogenesis. Loss of ICAD resulted in defect 
in nuclear degradation (Bass et al., 2009). The study by Bass and others focused on the 
differences between the loss of ICAD and DNaseII in terminal phases of engulfment 
(2009). Here, we sought to investigate the differences between wild-type and loss of CAD 
or ICAD and their roles in apoptotic cell death and engulfment. By using the five distinct 
phases characterized previously (Etchegaray et al., 2012, Chapter 1), we were able to 
note subtle differences between these mutants. 
 Both the CAD and ICAD mutants were created using P element insertion. Both P 
elements were inserted into the coding regions of the gene of interest, suggesting a null 
allele. The ICAD mutant was verified as a null using Northern and Western blotting 
(Mukae et al., 2002). Loss of CAD or ICAD produced “normal” dying egg chambers, in 
which the follicle cells enlarge. However, in “normal” apoptotic mid-stage cell death, 
ICAD and CAD mutants both had defects in nuclear fragmentation and condensation 
(Figure C.1,C.2). In wild-type dying egg chambers, the nurse cell chromatin was 
disorganized in phase 1 egg chambers (Figure C.1B). By phase 3, the nurse cell 
chromatin condensed considerably (Figure C.1C) and little to no lingering nuclear 
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material remained by phase 5 (Figure C.1D). In egg chambers mutant for CAD, the nurse 
cell nuclei were approximately the same size in healthy egg chambers as in terminal 
phase 5 egg chambers (19.92 and 19.33 microns, respectively, Figure C.2). In egg 
chambers mutant for ICAD, the nurse cell nuclei were gradually degraded throughout 
engulfment (25.85 in healthy, 14.11 microns in phase 5, Figure C.2). In contrast, the 
nurse cell nuclei in wild-type egg chambers degraded considerably throughout 
engulfment (20.59 in healthy, 4.18 microns in phase 5, Figure C.2). The nurse cell nuclei 
in CAD and ICAD mutants remained at approximately the same size as wild-type nurse 
cell nuclei in healthy and phase 1 egg chambers, suggesting that CAD and ICAD are 
required for nurse cell degradation during mid-oogenesis cell death. In egg chambers 
mutant for ICAD, nurse cell nuclear material was seen protruding into the follicle cells, 
suggesting that the follicle cells attempted to engulf the partially condensed nurse cell 
nuclei, but this occurred much less frequently in egg chambers mutant for CAD (Figure 
C.1). 
These “normal” dying egg chambers become Dcp-1 positive as expected. In these 
egg chambers, the follicle cells enlarged and engulfed Dcp-1-positive vesicles normally 
(Figure C.3). There were subtle differences between nurse cell nuclei degradation based 
on DAPI staining. Egg chambers mutant for ICAD had normally disorganized nurse cell 
chromatin in phase 1 egg chambers while egg chambers mutant for CAD did not (Figure 
C.1). However, mutants for CAD, also had some egg chambers with no nurse cell 
condensation and extensive premature follicle cell death. These are considered “undead” 
egg chambers which are commonly caused by disrupting apoptotic genes (Peterson et al., 
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2003, Mazzalupo and Cooley, 2006, Baum et al., 2007). These egg chambers were not 
visible in ovaries mutant for ICAD. Neither ICAD nor CAD mutants resulted in persisting 
nurse cell nuclei in late oogenesis.  
 Overall, these results suggest that CAD is required more for apoptotic mid-
oogenesis than developmental non-apoptotic cell death. These results also suggest that 
DNA fragmentation and condensation are both controlled by CAD, indicating that 
fragmentation and condensation are not separable during apoptosis. However, mutants for 
ICAD also have defects in nurse cell chromatin condensation, but not until phase 2 of 
fragmentation. These results suggest that caspase-activated DNases play a major role in 
the initiation of apoptosis, but that the inhibitor has an undescribed role in later phases of 
cell death. These results suggest that CAD may have an undescribed role during the 
initiation of cell death whereas CAD and ICAD are both required post-condensation. As 
the CAD allele is still poorly characterized, this allele should be further characterized 
over a deficiency, to verify this role. 
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Table C.1 Lines obtained to disrupt DNase function. 
Genes Genotypes Mid-Oogenesis Late Oogenesis 
CAD y1; P{SUPor-P}KG09839/CyO; ry506 
Undead and defects 
in NC degradation 
DA malformed 
ICAD ICADP * 
Defects in NC 
degradation 
-- 
* Mukae et al., 2002 
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Figure C.1 ICAD and CAD are required for degradation of nurse cell chromatin 
during engulfment. 
 
(A-L) Egg chambers from starved flies stained with DAPI (cyan), cleaved Dcp-1 (green), 
and Discs large (red). (A-D) Wild-type egg chambers have normal engulfment and 
follicle cell enlargement. (E-H) Egg chambers mutant for CAD have defective nurse cell 
condensation and fragmentation throughout engulfment. (E) Healthy egg chambers 
appear normal. (F) Phase 1 egg chambers show defects in nurse cell chromatin 
disorganization (compare to wild-type in B). (G-G’) Phase 3 egg chambers show minor 
nurse cell chromatin condensation and blebbing. Some nuclear blebs are seen protruding 
into the follicle cell membranes (arrows). (H) Loss of CAD results in lingering nuclear 
material while much of the germline cytoplasm has been engulfed. (I-L) Egg chambers 
mutant for ICAD have defective nurse cell nuclear condensation and fragmentation. (I) 
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Healthy egg chambers appear normal. (J) Phase 1 egg chambers show normal nurse cell 
chromatin disorganization (compare to wild-type in B). (K-K’) Phase 3 egg chambers 
show more nurse cell condensation than loss of CAD (compare to G-G’). Several nuclear 
blebs are seen protruding into the follicle cell membrane (arrows). (L) Phase 5 egg 
chambers show less nuclear material unengulfed and the nuclear material that remains is 
more condensed than loss of CAD (compare to H). However, there is still considerable 
nuclear material remaining compared to w1118 (compare to D). 
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Figure C.2 Quantification of nurse cell chromatin degradation in ICAD and CAD 
mutants. 
 
Averages of the three largest nurse cell nuclei diameter in control, CAD, and ICAD 
mutants (in microns). All data are mean ± s.e.m.  
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Figure C.3 Quantification of engulfment in ICAD and CAD mutants. 
 
(A) Quantification of unengulfed germline. (B) Quantification of the number of Dcp-1-
positive vesicles in phases 1-4. All data are mean ± s.e.m. For A, 81 egg chambers were 
quantified for w1118; 21 for CAD; 24 for ICAD. For B, 19 egg chambers were quantified 
for w1118; 17 for CAD; and 19 for ICAD.  
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